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ROGER  SYKES  AND  HIS  CRYSTALS 


Speech  Honoring  Roger  Sykes  on  the  Occasion  of  His  Retirement 
E.  A.  GERBER 

Director,  Electronic  Components  Laboratory 
USAECOM 


I  am  indeed  happy  that  the  subject  of  my 
remarks  before  this  illustrious  gathering  today 
is  not  an  inanimate  quartz  crystal  or  an  atomic 
clock,  but  a  real  person  and — even  better--a 
person  whom  we  know  and  respect,  both  pro¬ 
fessionally  and  personally. 

Roger  Sykes  was  born  "a  long  time  ago"  in 
Windsor,  Vermont,  and  even  as  a  babe  in  arms, 
he  came  to  meet  important  people--an  indication, 
perhaps,  of  his  range  of  contacts  later  in  life. 
This  event  happened  near  the  er.d  c'i  Tedov 
Roosevelt's  Presidency. 


Notice  how  Teddy  Roosevelt  is  looking  right  at 
Roger,  no  doubt  attracted  by  the  fact  that  Roger 
was  the  only  one  not  paying  attention.  After 
preparatory  school,  Roger  attended  the  Massa¬ 
chusetts  Institute  of  Technology  while  installing 
telephone  apparatus  for  the  Western  Electric 
Company,  He  received  his  BS  Degree  in  1929, 
and  his  MS  in  1930.  Here's  how  young  Roger 
looked  around  this  time. 


After  Western  Electric  and  with  the 
New  York  Telephone  Company  in  New  York  City 
for  a  short  while,  Roger  started  his  lifetime 
career  in  quartz  crystals  at  the  Bell  Telephone 
Laboratories  in  New  York  City.  He  began  with 
the  development  of  quartz  crystals  for  filters  in 
1929;  in  1930,  he  added  research  on  quartz 
crystals  and  piezoelectric  devices  for  trans¬ 
ducers  and  networks  for  frequency  control.  We 
see  him  here  at  the  test  bench  in  Bell  adjusting 
one  of  the  early  crystals. 
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It  was  indeed  fortunate  that  early  in  his 
career  Roger  became  associated  with  Warren 
Mason  at  Bell  Laboratories.  Their  work  in  the 
following  yeavs  resulted  in  two  papers  publishedin 
Bell  Systems  Technical  Journal.  One,  published 
in  1937,  was  entitled  "The  Use  of  Coaxial  and 
Balanced  Transmission  Lines  in  Filters  and 
Wide-Band  Transformers  for  High  Radio  Fre¬ 
quencies,"*  and  the  second,  published  in  1940, 
was  entitled  "Electrical  Wave  Filters  Employing 
Crystals  with  Normal  and  Divided  Electrodes." 
Here,  Roger  and  Warren  Mason  thoroughly  dis¬ 
cussed  all  standard  types  of  filters  with  crystals 
and  the  methods  for  determining  their  constants 
and  attenuation  characteristics. 


With  the  arrival  of  World  War  II,  Roger's 
R&D  work  became  mainly  concerned  with  the 
Armed  Services  communications  systems.  One 
of  his  important  assignments  was  his  work  at  the 
Western  Electric  Production  Plant  at  Hawthorne, 
Illinois,  where,  commuting  from  the  East  Coast, 
he  was  the  driving  force  in  setting  up  the  pro¬ 
duction  of  DT-cut  crystal  units.  To  appreciate 
the  importance  of  his  effort  and  the  effort  of 
many  others  in  this  critical  war  period,  may  I 
quote  from  the  introduction  to  Heising's  book, 
"Quartz  Crystals  for  Electrical  Circuits":3 

", . .  With  the  thousand-fold  expansion  in 
crystal  manufacturing  facilities  that  was 
necessary  and  the  decentralization  that  is 
wise  from  the  military  standpoint,  scores 
of  manufacturers  had  to  be  educated  in 
the  art  and  science  of  crystal  manufacture. . . 

"The  Western  Electric  Company  in  meeting 
its  orders  found  it  necessary  to  expand  its 
crystal  production  750-fold.  To  accomplish 
this  it  was  necessary  to  introduce  to  the 
intricacies  of  crystal  manufacture  a  large 
number  of  engineers  inexperienced  in  the 
art. . .  » 

Roger  was  deeply  involved  in  the  national 
expansion  of  the  U.  S.  crystal  manufacturing 
capability.  Typically,  the  effect  of  the  strenuous 
work  and  strain  showed  up  very  soon--he  started 
to  have  stomach  trouble.  But,  as  always  with 
him  and  in  his  environment,  humor  prevailed 
despite  his  ache3  and  pains  and  pressures  of  the 
moment.  One  day  when  working  a  long  weekend, 
he  sent  someone  out  for  a  quart  of  milk  to  calm 
his  stomach,  and  someone  asked,  "You  mean  to 
tell  me  you're  now  going  to  wash  the  crystals 
in  milk?" 


In  1943,  he  moved  from  New  York  City  to 
the  Bell  Telephone  Laboratories  in  Murray  Hill, 
New  Jersey,  still  deeply  involved  in  his  war-time 
activity.  In  1944,  he  published  his  last  joint  paper 
with  Warren  Mason,  "Low  Frequency  Quartz 
Crystal  Cuts  Having  Low  Temperature  Coeffi¬ 
cients,"4  in  the  Proceedings  of  the  IRE.  As  you 
probably  all  know,  it  described  the  famous  MT- 
and  NT-cuts  which  use  coupling  of  the  main  mode 
with  some  other  mode  to  decrease  the  tempera¬ 
ture  coefficient  of  frequency. 

A  year  later,  in  1945,  Roger  was  made 
Department  Head,  I  have  here  some  memorable 
comment  from  Jack  Griffith,  one  of  his  associ¬ 
ates,  regarding  this  event,  which  I  must  share 
with  you.  Griffith  says,  "When  our  Department 
Head  was  replaced  by  Roger  A.  Sykes,  we  had 
an  indignation  meeting.  It  took  some  calling 
back  and  forth  to  get  him  there.  We  told  him, 

•We  don't  like  your  way  of  operating.  We  are  not 
going  to  stand  for  engineering  by  edict.  *  We 
didn't  want  him  to  run  his  engineers  in  a  high¬ 
handed  manner  and  dictate  details  of  the  job. 

Roger  took  it  in  good  spirit  and  we  got  along  fine." 
To  which  I  add  my  observation  that  it's  rather 
unusual--if  not  downright  dangerous--for  a  group 
to  tell  their  boss  they  don't  like  the  way  he  oper¬ 
ates.  It's  even  more  unusual  for  the  boss  to 
accept  criticism  gracefully  from  his  subordinates. 
It  showed  Roger  as  a  sensitive  and  responsive 
being,  and  a  man  who  respected  and  valued 
another  man's  opinion.  The  problems  never 
surfaced  again. 

For  the  next  9  years  (until  1954),  the  main 
duty  of  Roger's  departmant  was  the  development 
of  crystal  units  for  network  use  and  frequency 
control  applications  in  Bell  Systems  apparatus. 
Roger  published  two  very  important  articles  in 
this  period,  both  of  lasting  credit  on  his  record. 
The  first  was  an  article  in  Heising's  book3  pub¬ 
lished  in  1946,  on  the  modes  of  motion  in  quartz 
crystals.  Since  most  of  us  have  frequently  used 
the  information  in  this  article,  I  will  not  dwell 
on  this  important  contribution;  I  will,  however, 
refresh  your  memory  with  a  graph. 


2 


.  It  shows  the  frequency  of  flexure  and  high  fre¬ 
quency  shear  resonances  in  an  AT-cut  quartz 
pla*e  as  a  function  of  the  length  to  thickness 
ratio.  By  measuring  flexure  and  low  frequency 
shear  modes  in  AT-  and  BT-cut  plates  and 
studying  their  coupling  with  the  desired  high 
frequency  shear,  Roger  came  up  with  the  ruJ.es 
for  dimensioning  rectangular  and  square  crystal 
plates  in  order  to  avoid  activity  dips.  This 
article  was  the  Bible  to  crystal  engineers  as 
long  as  rectangular  and  square  crystals  were 
used. 


The  second  article,  also  in  Heising's  book, 
is  the  paper  on  "Principles  of  Mounting  Quartz 
Plates.  "  This  investigation  was  essential  for 
the  development  of  low  frequency  CT-  and 
DT-cut  resonators.  This  graph  shows  an 
example  of  how  the  activity  and  frequency  of 
a  CT-cut  crystal  are  affected  by  the  distance 
of  the  clamping  from  the  surface  of  the  crystal. 


Effect  on  frcq-urocy  and  activity  af  damping  one  had  o I J70  kc.  CT-cut  cr/iUJ. 

In  January  1948,  another  paper  appeared; 
this  time  by  Roger  alone:  "Hieh  Frequency 
Plated  Quartz  Crystal  Units. 1  understand 
from  his  associates  that  he  had  quite  a  time  con¬ 
vincing  Bell  Laboratories*  management  of  the 
advantage  of  plated  units  over  clamped  type  unita 
How  successful  he  was  can  be  seen  from  the  fact 
that  his  design  of  a  wire  mounted  plated  crystal 
unit  is  still  used  today.  Shown  here  are  various 
types  of  high  frequency  crystal  units  that  he 
developed. 


The  unit  in  the  middle  and  the  type  of  mounting, 
I  am  sure,  are  familiar  to  everyone  even  those 
who  may  have  recently  entered  our  field. 

The  drawing  below  show?  a  wire  mounted 
unit  as  described  in  detail  in  one  of  Roger’s 
important  patents. 


I  should  mention  at  this  point  that  he  has  a  total 
of  17  patents  to  his  credit  in  the  field  of  crystal 
units,  crystal  oscillators,  and  crystal  filters-- 
most  of  these  are  described  in  his  publications. 

During  this  highly  productive  period  at 
Murray  Hill  (from  1943-1954),  he  acquired 
additional  duties  in  1950;  namely,  work  in 
ferroelectric  crystal  units  for  memory  cir  :uits, 
solid  ultrasonic  delay  lines,  sealed  terminals, 
ovens,  thermostats,  and  frequency  standards. 

During  September  and  October  of  1953,  a 
special  event  took  place  in  which  I  had  the 
pleasure  of  participating,  and  during  which  time 
1  learned  to  know  Roger  much  better.  At  the 
suggestion  of  Mr.  W.  L.  Doxey  of  the  Signal 
Corps,  Major  General  C.  L  Back,  the  Chief 
Signal  Officer,  established  a  three-man  team  of 
consultants  to  visit  each  Army  contractor  work¬ 
ing  in  frequency  control,  the  purpose  being  to 
evaluate  work  going  on  and  to  make  recommenda¬ 
tions  as  to  future  work  in  that  field.  The  team 
consisted  of  the  unforgettable  Karl  Van  Dyke, 
Roger  Sykes,  and  myself.  1  can  rightly  state 
that  we  v/orked  by  day  and  traveled  at  night  for 
a  full  month.  Among  the  things  that  I  learned 
about  this  man  was  that  he  had  a  warm  person¬ 
ality,  a  wonderful  sense  of  humor,  and  driving 
1  abita  that  made  me  wish  I  had  more  insurance! 
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In  1954,  the  important  development  of 
crystals  for  a  submarine  cable  started  at  Bell 
Telephone  Laboratories;  this  must  have  been 
quite  an  interesting  challenge  and  experience 
for  Roger.  Then,  during  that  same  year,  Lio 
laboratory  was  moved  to  Whippany,  New  Jersey, 
where  he  continued  with  his  assignments  from 
Murray  Hill.  His  work  on  crystal  filters  pro¬ 
gressed  and  as  a  result,  he  came  out  with  a 
paper  at  the  1958  IRE  Convention  on  "A  New 
Approach  to  the  Design  of  High  Frequency 
Crystal  Filters.1^  I  will  refrain  from  getting 
into  more  details  on  Roger's  filter  papers 
because  this  will  be  done  much  more  competently 
by  Warren  Mason. 

In  1959,  his  laboratory  was  again  moved; 
this  time  from  Whippany  to  North  Andover, 
Massachusetts,  where  his  duties  were  slightly 
changed,  since,  in  addition  to  quartz  crystals 
and  circuitry,  they  now  embraced  transformers, 
inductors,  thermoelectrics,  ovens,  and  ferrite 
memory  apparatus.  1  know  that  he  was  not  too 
happy  with  components  other  than  the  frequency 
control  devices  and  so,  in  1961,  he  succeeded 
in  getting  rid  of  transformers,  inductors, 
memories,  and  so  on.  At  that  time,  his 
stomach  ulcers  kicked  up  again,  and  had  to 
resort  to  suigery  in  1961.  Asked  what  the  effect 
of  the  op  .ration  had  on  his  drinking  habits,  Roger 
answered  that  since  the  operation,  he  gets  more 
mileage  per  drink! 

Then  his  laboratory  was  on  the  move  again, 
this  time  to  BTL  in  Allentown,  Pennsylvania, 
where  he  stayed  until  his  retirement  in  1969.  His 
field  of  work  again  embraced  the  entire  area  of 
frequency  control  and  selection.  In  December  of 
1962,  he  published  a  paper  in  the  IRE  Trans¬ 
action  on  Instrumentation,  on  "Performance  of 
Precision  Quartz  Crystal  Controlled  Frequency 
Generators, together  with  Warren  Smith  and 
Bill  Spencer.  To  remind  you  what  big  strides 
have  been  made  by  his  team,  the  next  photographs 
of  a  2.  5  MHz  precision  crystal  unit  and  a  graph 
on  the  stabilization  and  drift  rate  of  a  2.  5  MHz 
precision  oscillator  show  these  achievements. 


Here,  we  have  plotted  the  frequency  change  in 
parts  in  10^  and  parts  in  1010  as  a  function  of 
time.  Note  that  the  daily  drift  rate  is  less  than 
1  part  in  10  ^  /day. 
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A  final  paper  cn  the  same  topic  authored 
again  with  Smith  and  Spencer  was  presented  at 
the  17th  Annual  Symposium  on  Frequency  Control 
in  May  1963.®  Again,  a  very  important  contribu¬ 
tion  was  made  to  the  art  of  high  precision  crystal 
oscillators.  Specifically,  the  topographic  X-ray 
diffraction  method  to  study  imperfections  and 
vibrational  modes  in  crystal  units  proved  to  be 
extremely  important.  This  is  an  example  of  an 
X-ray  photograph  of  the  m5njp3  mode  of  a 
5th  overtone  AT-resonator. 


Of  equal  importance  was  the  study  of  the  effect, 
of  stopping  the  oscillation  and  of  oven  shut-down 
on  the  stability  of  the  crystal. 
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This  graph  shews  how  much  the  influence 
of  those  effects  on  frequency  has  been  reduced 
due  to  refinement  of  evacuation  and  high  tem¬ 
perature  baking-out  processes  of  the  crystal 
enclosure. 


Previously,  both  effects  changed  the  frequency 
by  a  larger  amount;  namely,  in  the  order  of 
5  parts  in  10^,  and  it  took  some  weeks  until  the 
old  equilibrium  was  reached  again. 

The  accomplishments  reported  by  the 
last  two  papers  mentioned  are  to  some  extent 
the  result  of  BTL's  several  R&D  contracts 
with  the  Signal  Corps  (now  the  Electronics 
Command).  This  work  was  handled  in  Roger 
Sykes'  Department  and  involved  "Ultra  Precise 
Standards  of  Frequency,  "  "Quartz  Crystal 
Controlled  Oscillators,"  and  "Fundamental 
Studies  of  the  Properties  of  Natural  and  Syn¬ 
thetic  Quartz  Crystals.  "  I  might  state  that 
the  government  profited  very  much  by  this 
contractual  relationship,  not  only  by  obtaining 
the  valuable  results  of  these  competent  studies, 
but  also  by  the  close  professional  association 
with  Roger  and  his  people. 

In  the  following  years,  our  esteemed 
guest,  together  with  his  co-workers,  came 
out  with  two  important  papers  on  monolithic 
crystal  filters.^1  10  Again,  I  will  leave  it  to 
Warren  Mason  to  go  into  more  details.  I  only 
want  to  show  what  has  been  accomplished  by 
him  and  under  his  leadership. 


In  the  background  is  an  old  channel  filter  which 
has  been  widely  used  by  Western  Electric.  In 
the  foreground,  with  cover  removed,  is  a 
modern  monolithic  filter  which  has  the  same 
performance,  is  much  smaller,  and  costs  less 
than  the  old  design.  This  new  design  requires 
not  only  precision  adjustment  of  the  properties 
of  each  resonator  area  but  of  the  coupling 
between  the  resonator  areas  as  well.  The 
significance  of  the  achievement  is  evident. 

Here  we  have  a  more  mature  Roger  measuring 
the  transmission  characteristic  of  one  of  his 
monolithic  filters. 
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Finally,  Roger  has  to  his  credit  two 
survey  papers  entitled  "State  of  the  Art  - 
Quartz  Crystal  Units  and  Oscillators"**  and 
"Quartz  Frequency  Standards,"  *  which  appealed 
in  1966  and  1967  in  the  Proceedings  of  the  IEEE, 

I  am  indeed  happy  to  say  that  I  had  the  pleasure 
of  co-authoring  these  papers  with  Roger. 

In  summary,  I  found  that  it  was  the 
consensus  of  his  people  that  Roger  always 
demonstrated  great  technical  and  administrative 
ability.  He  liked  to  see  everything  in  a  simple 
physical  picture  and  was  very  able  to  handle 
personnel  problems. 

Roger’s  professional  picture  would  not 
be  complete  if  I  d’"<-  not  mention  the  various 
honors  he  receiv  1  and  the  many  committee 
activities  in  wh  >.  1  he  was  and  is  still  engaged. 

From  November  1951  to  February  1952, 
he  was  technical  consultant  to  Major  General 
John  Christmas,  Assistant  Chier  of  Staff, 
Department  of  the  Army,  to  survey  production 
of  the  U.  S.  crystal  industry  during  the  Korean 
emergency.  I  already  mentioned  that  in  1953 
he  was  a  technical  consultant  to  the  Chief  Signal 
Officer  to  evaluate  the  Department  of  the  Army 
research  and  development  program  in  the  field 
of  frequency  control. 

In  1957,  he  was  honored  as  a  Fellow  of 
the  Institute  of  Electrical  and  Electronics 
Engineers,  and  in  1967,  he  received  the 
Distinguished  Engineer  Award  from  the 
Pennsylvania  Section  of  Professional  Engineers, 
He  was  and  still  is  very  active  in  various  IEEE 
and  EIA  committees.  East,  but  not  least,  he 
was  extremely  successful  a3  the  Technical 
Advisor  to  Committee  TC-49,  Crystals,  of  the 
International  Electrotechnical  Commission. 

I  believe  that  I  do  not  exaggerate  if  I  state  that 
due  to  Roger's  efforts  the  international  stand¬ 
ards  on  crystal  units  have  a  high  level  of 
perfection.  Since  they  are  patterned  after  the 
U.  S.  military  and  commercial  standards  and 
have  been  accepted  internationally  by  most 
countries  as  national  standards,  it  should  be 
very  easy  for  our  industry  to  fill  foreign  orders 
for  crystal  units  because  they  automatically 
conform  with  the  national  standards  of  most 
foreign  countries. 


How  busy  he  was  at  international  com¬ 
mittee  meetings  is  clearly  shown  m  this 
picture  (Roger  is  second  from  left). 


No  doubt  that  this  was  a  fact-finding  meeting 

dealing  with  'quartz* - quarts  of  beer,  that  is. 

I  suppose  that  I  could  also  say,  "He's  in  good 
spirits.  "  Too  bad  that  I  missed  the  occasion! 
However,  I  did  participate  with  him  at  a 
subsequent  IEC  meeting  in  New  Delhi,  India, 
and  you  can  see  how  serious  he  looked  and  how 
strenuously  he  worked  then  in  behalf  of  stand¬ 
ardization. 


In  closing,  I  want  to  add  a  couple  of 
personal  .emarks.  I  knew  if  Roger's  work  in 
the  U.  S.  wi  en  I  was  still  on  the  other  side  of 
the  Atlantic  involved  in  quartz  crystals,  and 
[  already  had  a  profound  professional  respect 
for  him  at  that  time  just  through  his  published 
works.  It  would  never  have  occurred  to  me 
that  fate  would  bring  me  into  a  close  professional 
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ROGER  SYKES  CONTRIBUTION  TO  QUARTZ  CRYSTAL  FILTERS 


Warren  P.  Mason 
Henry  Krumb  School  of  Mines 
Columbia  University,  New  York,  N.Y,  10027 


When  Roger  Sykes  first  came  to  Bell 
Laboratories  as  a  graduate  from  MIT,  he  joined  my 
department  which  at  that  time  was  working  on  the 
application  of  quartz  crystals  to  electrical  wave 
filters.  In  fact  as  I  recall  it,  he  wouldn't 
come  to  Bell  Laboratories  unless  he  got  in  this 
department.  He  afterwards  paid  me  the  doubtful 
compliment  of  saying  that  I  was  the  best  boss  he 
ever  had  because  he  could  do  what  he  wanted 
without  interference.  In  his  case  it  was 
certainly  the  best  policy  since  with  his 
originality  he  produced  a  lot  more  than  if  he  was 
directed. 

Figure  1  shows  the  state  of  the  art  at  that 
time.  The  dashed  curve  shows  the  be3t  that  could 
be  done  with  a  coil  and  condenser  filter  at  21.3 
KHz  whereas  the  solid  curve  showed  the 
improvement  that  could  be  obtained  by  using  foul' 
crystals  per  section  with  coils  on  the  two  ends  to 
widen  the  band,  Tho  result  for  U  KHz  spacing  was 
to  produce  a  useful  band  of  2850  Hz  and  a 
distortion  of  1  db  compared  to  a  band  width  of 
2550  Hz  and  a  distortion  of  5  db. 

With  four  crystals  in  each  section  this  was 
rather  an  expensive  design.  It  was  3oon 
suggested  that  two  of  the  crystals  could  be 
replaced  by  a  single  plate  with  two  sets  of 
platings.  Roger  developed  tho  first  stable 
holder  for  this  divided  plate  ciystal  as  shown  in 
Figure  2,  In  fact,  the  first  quartz  crystal 
filters  for  the  coaxial  carrier  system  were 
constructed  in  this  form.  The  subsequent  change 
in  tho  mounting  to  tho  headed  wire  mount  shown  in 
Figure  3,  wa3  also  made  by  Roger.  In  this  mount, 
a  baked  on  silver  paste  is  used  to  provide  a  base 
for  soldering  a  headed  wire  at  the  nodal  point  of 
the  vibration.  The  little  motion  communicated  to 
the  wire,  at  the  nodal  point,  is  reflected  back  to 
the  vibration  by  in  effect  clamping  the  wire  with 
a  solder  ball  at  a  flexural  nodal  point.  As  a 
result  the  low  impedance  wire  resonates  at  tho 
same  frequency  as  the  crystal  and  3imply  adds 
reactanco  elements  to  the  vibration.  This  type  of 
mounting  is  still  used  for  filter  and  oscillator 
plates  although  the  solder  joint  has  boon 
replaced  by  thermo  compression  bonds  to  cut  down 
the  dissipation. 

The  original  sot  of  channel  filters  ranged 
from  60KHz  to  108KHz.  Since  it  was  impractical 
to  use  a  divided  plate  crystal  at  higher 
frequencies  Roger  devised  the  hybrid  coil  typo  of 
filter  3hown  in  Figure  U.  In  this  case,  a  crystal 
in  each  aru  of  the  balanced  hybrid  takes  the  place 
of  two  divided  plato  crystals  in  the  balanced 
lattice  on  tho  right.  Since  these  crystals  can  be 


made  to  considerably  higher  frequencies,  they 
have  been  used  in  filter  *  as  high  as  200K!Iz . 

Extension  of  the  coaxial  cable  system  to 
higher  frequencies  created  a  need  for  narrow  band 
pilotchannel  filters  for  controlling  the  gain  of 
the  system.  Some  of  these  filters  were  as  high 
in  frequency  as  3MHz.  The  requirements 
stipulated  that  there  should  be  no  pass  bands  of 
any  magnitude  below  tho  desired  frequency  which 
would  affect  the  transmission  of  the  pilot 
channel  rosponso  at  30?6KHz.  As  it  was  not 
possible  to  produce  longitudinally  vibrating 
crystals  at  this  high  frequency  a  thickness 
vibrating  crystal  of  the  AT  type  had  to  be  used. 
Since  the  cross-sectional  dimensions  were  much 
larger  than  the  thickness,  thoro  were  many  other 
resonances  in  the  neighborhood  of  the  fundamental. 
In  order  to  relate  these  resonances  to  the 
dimensions  of  the  crystal,  Roger  made  a  complotc 
study  of  the  resonances  of  an  AT  cut  crystal  1  Mi 
in  thickness  as  a  function  of  the  dimension  along 
the  x  or  electric  axis.  The  results  are  shwn  in 
Figure  5.  A3  you  can  see  there  aro  strong 
resonances  along  tho  line  marked  11,11  which  are 
coupled  to  anothor  set  of  resonances  crossing 
them  at  an  angle.  These  wero  later  shown  by 
R.  D.  Mindlin  to  bo  flexure  nodes  driven  by  the 
thicknoss  shear  mode. 

To  obtain  a  pilot  channel  tho  dimensions 
wore  chosen  30  that  the  shear  mode  was  halfwr.y 
between  two  floxure  modes.  The  filter  structure 
used  try  Roger — which  I  had  to  abstract  from  one  of 
his  Boll  System  memorandum  dated  1938 — is  shown 
in  Figure  6.  It  consists  of  two  sets  of  plating 
on  an  AT  cut  crystal  separated  by  1  MM  of  bare 
crystal.  There  were  two  pass  bands  one  at 
3096KHz  and  the  other  at  3108KHz.  In  fact  the 
structure  is  a  forerunner  of  tho  monolithic 
crystal  filter  which  is  now  boing  appliod  to  tho 
cable,  radio  and  submarine  cablo  systems  of  tho 
Boll  System.  If  tho  separation  between  tho  two 
sots  of  platings  had  boon  Increased  somewhat  to 
cut  down  the  coupling,  a  single  pass  band  would 
have  resulted  in  the  manner  of  the  present 
monolithic  crystal  filter. 

Shortly  after  this  work,  World  War  II  broke 
out,  and  all  the  people  in  crystal  research  wore 
put  to  work  developing  crystals  fer  tho  military. 
This  phase  of  Roger's  work  .  '  been  covered  by 
Dr.  Gerber.  After  tho  war,  the  'osnpany  decided 
that  Roger  would  bo  more  valuable  ■  head  of 
oscillator  and  crystal  development  ru  '  than  in 
crystal  research. 
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Ths  last  phase  of  Roger's  crystal  filter 
work  that  X  would  like  to  mention  is  his 
contributions  to  the  monolithic  crystal  filter. 
The  monolithic  crystal  filter  is  an  eight  section 
filter  constructed  on  a  single  quartz  crystal  by 
the  use  of  eight  controlled  thickness  plates 
separated  by  regions  of  bare  crystal.  This 
construction  shown  in  Figure  7  produces  at  high 
frequencies  ths  equivalent  attenuation  of  the 
channel  filter  shown  in  the  background.  Figure  8 
shown,  the  characteristic  of  an  eight  section 
filter.  Because  of  the  high  Q  of  the  crystal  the 
mid  band  loss  and  distortion  at  8MHz  is  actually 
163S  than  that  of  that  of  the  present  channel 
filter  at  60KHz. 

Roger's  contribution  to  this  development 
was  partly  inspirational  and  partly  supervisional. 
The  published  papers  have  the  names  of  Sykes  and 
Beaver  and  Sykes,  Smith  and  Spencer.  I  recall 
that  Bill  Beaver  had  a  thesis  at  Lehigh  and  a 
paper  on  the  properties  of  the  monolithic 
filter.  Smith  and  Spencer  made  many  contributions 
to  the  modes  of  vibration  and  the  calculation  of 
the  filtering  properties  of  such  filters . 

However,  it  is  doubtful  if  this  development 
would  have  materialized  without  the  inspiration 
and  direction  that  Roger  supplied  it. 
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PICURE  ^  -  Hybrid  Coll  Type  of  Filter 
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TO  ROGER  A.  SYKES  ON  HIS  RETIREMENT 


J.  M.  Wolf3kill 
Bliley  Electric  Company 
Erie,  Pennsylvania 


It  was  forty  years  ago  in  1930  when  I  first 
met  Roger  Sykes.  The  place  was  in  the  crystal 
cutting  shop  at  Bell  Telephone  Laboratories, 

U63  West  Street,  New  York.  We  both  had  the  same 
reason  for  being  there:  to  expedite  delivery  of 
some  X-cut  quartz  bars  for  filters  on  which  we 
were  working.  Roger  was  working  for  Dr.  Mason  in 
the  Research  Department,  and  I  was  working  for 
!L' .  Lane  in  Apparatus  Development. 

William  Broughton  was  then  in  charge  of  the 
crystal  cutting  shop,  and  he  was  not  about  to 
bother  much  with  a  couple  of  ’’neophyte"  engineers 
wanting  a  few  experimental  crystals  cut;  not 
when  he  had  a  real  deal  going.  lo  impress  us,  he 
then  produced  a  beautiful  1  1/2"  square  590  kHz 
Y-cut  crystal  unit  he  had  just  finished  for 
Station  W.O.W.  Omaha  Nebraska.  Boys,  he  said, 
this  beauty  sells  for  $700.00  and  has  to  be  on 
tonight's  mail  flight  or  "Woodman  of  the  World" 
goes  off  the  air,  and  we  certainly  can't  let 
that  happen.  Properly  impressed,  we  both 
dickered  for  best  delivery  of  our  individual 
requirements . 

Roger  —  as  I  was  to  learn  later  —  always 
won  these  rounds.  Of  course,  he  was  working  for 
Dr.  Mason  and  that  alone  carried  some  prestige. 

We  have  been  "tangling  horns"  ever  since  though 
in  many  ways  —  in  the  IRE  Standardization 
Committoe  meetings;  EIA,  then  called  RETMA, 
Standards  meetings;  in  Military  Specification 
Reviews;  etc.  The  real  reason  Roger  always  won: 
"he  had  the  longest  horns  1" 

An  astute  politician,  he  always  used  the 
right  approach.  Did  you  ever  notice  how  he 
starts  off  an  argument  with,  "well  that's  right." 
Ho  is  getting  you  off  guard  by  agreeing  you  aro 
right;  then  comes  the  "but"  and  he  is  off  on  the 
trail  to  accomplish  his  mission.  The  old  adago 
"if  you  can't  lick  them  join  them"  is  not 
Roger's  method.  His  motto  is  "if  you  can't  lick 
them,  convinco  them  to  join  you."  You  all  know 
what  a  convincer  he  can  be.  But  this  ability 
stood  him  in  good  stead  through  the  years,  and  he 
literally  accomplished  miracles  in  some  almost 
hopelessly  deadlocked  situations. 

Roger  was  using  sputter  plated  crystals  on 
low  frequency  bar  types  in  the  early  thirties, 
and  the  next  big  step  of  course,  was  to  apply 
this  same  thinking  to  high  frequency  AT  crystals 
and  get  rid  of  the  old  pressure  mounted  design. 
Here  is  where  he  hit  a  blank  wall.  Experts, 
and  thero  were  few  then  in  tlds  fit  Id,  insisted 
the  heavy  electrodes,  and  close  thermal  coupling 
to  a  radiator  wore  necessary  to  dissipate  the 


heat;  old  fashioned  maybe,  but  a  necessity. 

Also,  the  contention  that  contiguous  electrodes 
of  evaporated  or  sputtered  metal  would  disrupt 
and  soon  disintegrate,  was  a  very  strong 
argument  against  this  approach.  Obviously; 
development  work  and  salesmanship  of  a  high 
order,  were  needed  for  such  a  radical  departure 
from  tried  and  true  methods.  Roger  Sykes  met 
that  challenge,  and  made  extraordinary  efforts, 
by  first  proving  and  convincing  his  own  people 
at  Bell  Labs,  subsequently  the  Western  Electric 
Company,  and  later  the  Military,  of  the  distinct 
advantages  of  plated  units  if  properly  used.  In 
all  these  arguments  he  was  careful  to  underscore, 
if  properly  used.  This  ho  did  through  various 
R  &  D  Panels  with  Industry  and  the  Military. 

Roger  was  probably  the  first  crystal  man  to 
dictate  to  an  oscillator  design  man  how  his 
circuit  should  be  designed,  -and  make  it  stick. 

"A  crystal  oscillator  is  a  frequency  control 
device  and  not  a  powerhouse,  and  must  be  used 
accordingly."  This  was  a  household  phrase  in 
Sykes'  department  at  Bell  Telephone  Laboratories, 
and  it  became  one  at  Western  Electric  Company. 

Old  timers  like  Lack,  Willard,  Fair,  Hoising, 
Llewellyn,  Koerner,  Thurston,  Ziegler,  and  many 
others,  I  am  sure  can  recall  the  days  when  the 
tank  circuit  of  the  crystal  oscillator  was 
frequently  directly  coupled  to  the  antenna,  and 
the  plate  voltage  was  directly  modulated. 

Special  radiators  were  made  and  fastened  to  the 
crystal  holder  to  dissipate  and  radiate  the 
heat  generated.  This  type  of  abuse  simply  had  to 
be  stopped,  if  the  remarkable  stability  inherent 
in  the  quartz  crystal  wore  ever  to  bo  fully 
realized.  A  crusader  was  sorely  needed. 

While  Roger  never  made  the  front  page  of 
Tima  Magazine  for  this  cause,  like  "Barry 
Commoner"  on  "Ecology",  he  was  in  the  thick  of 
it  all,  not  only  at  Western  Electric  and  the 
Military,  but  wherever  there  was  a  clamor  for 
better  frequency  stability  and  tighter  frequency 
tolerances.  Drive  power  levels  —  and  these  aro 
Roger's  words  —  are  as  much  a  part  of  a  crystal 
specification  as  is  the  frequency  tolerance. 

Equipments  had  to  bo  redesigned;  tost  sets 
had  to  be  built,  which  would  present  the  same 
conditions  to  the  crystal  as  it  would  soe  in  the 
redesigned  end  use  equipment.  Obviously,  "ball 
bats"  had  to  be  used  to  make  such  radical 
changes  in  record  time.  They  were  accomplished 
with  "ulcers  'a  plenty",  but  no  bloodshed. 
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probably  vh"  "orgest  single  impact  of  these 
efforts  was  during  World  War  11  in  the 
production  of  the  CR-J  and  CR-i*  type  tank  set 
crystals.  What  with  U-boats  sinking  boatloads 
of  quartz  being  shipped  iron  Brazil.,  and  quarts 
in  short  supply,  and  considering  the  tremendous 
requirements  of  the  tank  set  application  alone, 
something  had  to  be  done. 

The  old  low  frequency  AT  ice  cube  1" 
square,  and  anywhere  from  . J.?0"  to  lA"  thick  was 
out  cf  the  question  from  3  quartz  consumption 
standpoint.  CT  and  BI  cuts  were  developed  to  do 
the  job  up  to  1200  kHz,  At  1200  kHz  those  were 
only  .1"  square  and  approximately  .010"  to  .015'’ 
thick,  and  Roger's  eyes  gleamed  when  he  said, 

"why,  one  AT  ice  cube  at  500  kHz  will  yield  fit ty 
to  one-hundred  DT's  from,  the  same  amount  of 
quartz."  Imagine  however,  the  oscillator 
engineers'  "chagrin"  when  told  that  this  little 
sliver  of  quartz  would  have  to  do  the  same  job  as 
the  so  called  ice  cube! 

Needless  to  say  the  operation  was  successful 
and  Western  Electric  Company  Hawthorne  Works 
produced  millions  of  these  FT-2I4I  gems,  but  only 
after  Roger's  laboratories  staff,  and  'We stem 
Electric  engineers  developed  ulcers  and  pulled 
out  most  of  their  hair.  In  fact  the  operation 
was  so  successful  that  the  War  Production  Board 
raised  serious  doubts  about  what  was  going  on, 
and  thought  possibly  Western  Electric  had  their 
own  quartz  mine  because  crystal  units  were  being 
turned  out  by  the  hundred  thousand,  while  raw 
quartz  intake  was  practically  nil  by  comparison 
to  what  would  have  been  required  had  AT  cuts 
been  used. 

Plating  crystals  with  contiguous  olectrodes 
became  standard  procedure  in  the  Industry,  in  all 
varieties,  and  completely  replaced  the  pressure 
mounted  type,  except  for  a  few  military  types 
still  remaining.  Many  of  the  mounting  methods, 
enclosures,  and  processing  techniques,  in 
practically  all  phases  of  the  crystal  industry, 
whether  for  oscillators,  filters,  or  transducers, 
have  In  seme  way  felt  the  guiding  hand  of 
Rogor  Sykes. 

Introduction  to  koldwelding  enclosures, 
high  temperature  bakeout,  use  of  oil  free  vacuum 
systems  in  processing  for  higher  stability  and 
reliability,  are  just,  a  few  of  the  things  which 
he  helped  implement  and  promote.  Remember  the 
Loran  C  100  kHz  OT  cut  crystal  unit;  the  highest 
Q  crystal  ever  produced  until  Warner  came  along. 

Now,  we  can't  give  him  credit  for  doing  all 
these  things  single  handed;  ho  had  lots  of  help  — 
like  the  farmer  who  went  down  no  Virginia  and 
bought  an  old  broken  down  and  worn  out  farm. 

This  fellow  had  great  ambition,  and  worked  hard 
and  long  repairing  the  buildings,  fertilizing 
the  soil,  and  after  about  five  years  raised  3cme 
bumper  crops.  The  local  minister  passing  by  one 
day  saw  the  bountiful  crops  the  farmer  was 
raising,  and  ringing  his  hands  thought  "here  is  a 


good  and  likely  heavy  contributor  to  become  a 
member  of  my  church."  So  he  stopped  for  a  visit. 
The  farmer  gave  him  a  tour  of  the  farm  and  the 
minister  marveled  at  the  crops,  "Ifcr, "  he  said, 
"what  a  beautiful  crop  of  com  you  and  the  Lord 
raised  here  —  and  look  at  this  field  of  yams! 

You  and  the  Lord  sure  did  a  wonderful  job  in 
raising  these  —  and  look  at  the  loaded  vines  of 
nice  fat  cucumbers  —  cucumbers  everywhere!  The 
Lord  and  you  have  raised  the  most  bountiful 
crops  in  the  valley."  The  farmer,  getting  a 
lit lie  tired  of  receiving  only  half  the  credit  for 
all  his  hard  work,  snapped  his  suspenders  and 
finally  said,  "Pastor,  you  know,  I  sure  wish  you 
had  seen  thi3  place  when  the  Lord  was  taking  care 
of  it  by  himself l" 

Art  'Warner  developed  his  high  precision 
5  MHz  and  2.5  MHz  fifth  overtone  crystal  nuts 
under  an  Air  Force  development  contract  while 
working  in  Sykes'  department.  This  basic  design, 
when  properly  processed  under  the  most  careful 
conditions,  is  today  still  the  world's  most 
stable  frequency  device  known,  short  of  Cesium 
bean  or  Rubidium  standards. 

The  Bliley  Electric  Company  has  been  in 
continuous  production  of  this  unit  since  1955. 
Upgrading  of  vacuum  techniques,  closure  methods, 
high  temperature  bakeout,  etc,  have  further 
improved  the  stability  and  retrace  characteristics, 
but  the  basic  design  still  remains  the  same. 

I  will  never  forget  an  incident  (which  I 
could  never  repeat  till  Roger  retired)  when  the 
Military  had  called  a  meeting  with  the  Bell 
Laboratories  engineers  and  invited  members  of  the 
Industry,  a+  which  the  design  and  processing 
information  of  this  unit  was  revealed;  the  object 
being  to  establish  an  industry  capability  for  the 
production  of  this  highly  stable  unit. 

Rogor  spoke  eloquently  about  the  design,  the 
groat  caro,  and  todious  stops  that  had  to  be 
followed  in  the  cleaning  procedures  pr.'or  to 
encapsulating.  Then  he  called  on  Art  Warner  to 
elaborate  further  on  the  cleaning  process,  Art, 
with  his  perpetual  grin,  said,  "oh,  I  just  scrub 
well  with  detergent  and  water  and  then  rinse  in 
methyl  alcohol."  Wo  wore  all  a  bit  surprised  by 
this  short  remark,  but  understood.  Afterwards, 
Roger  told  me  quietly,  "Johnny,  if  he  wasn't 
such  a  'damn  good'  engineor  I'd  fire  him  for 
that!" 

Roger  was  a  "bug"  and  \  "spark  plug"  on 
standardization;  within  his  own  company,  through 
EIA,  for  the  Industry,  and  internationally 
tnrough  the  IEC,  and  devoted  great  time  and 
effort  to  this  cause.  He  could  draw  sparks  and 
motivate  people  to  get  things  done,  never 
shirking  hiw  own  share  of  the  responsibility. 

I  never  hoard  much  about  Roger's  extra¬ 
curricular  activities  during  his  travel  to  other 
lands,  but  you  know  "all  work  and  no  play  makes 
Jack  a  dull  boy."  Judging  from  his 
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accomplishments  at  those  IEC  meetings,  Roger  was 
not  a  dull  boy. 

Incidentally,  Industry  can  pay  a  tribute  to 
Mr.  Sykes  by  much  deeper  involvement  in  the  IEC 
proceedings  in  the  development  of  International 
Crystal  Standards.  Roger  was  chief  U.S.  Technical 
Expert  to  TC-I4.9  Committee  since  1 95k  and  has 
continued  to  this  day.  He  needs  our  wholehearted 
support. 

For  his  retirement,  Roger  had  a  beautiful 
chalet  built  on  the  banks  of  Lake  Sunapee  in 
New  Hampshire  replete  with  a  good  sized  workshop. 

I  hope  he  and  his  wife  Mary  will  enjoy  many 
hours  of  fine  fishing  there,  and  enjoy  the  well 
earned  retirement  to  the  utmost. 

And  so,  Roger  Sykes,  the  Engineer,  the 
Inventor,  Author,  Innovator,  Coordinator, 
Moderator,  a  great  American,  and  a  wonderful 
person  to  know,  we  all  salute  you. 


SURFACE  WAVES  AUD  DEVICES 


By 

H.  J.  Shaw 
Stanford  University 


The  past  several  years  have  seen  a  very  strong 
increase  in  activity  in  acyustic  surface  waves 
with  important  contributions  to  new  UKF  and 
microwave  devices  coming  from  a  large  number 
of  laboratories.  Propogation  characteristics 
of  these  waves  on  solid  surfaces  have  been 
studied,  an  example  of  particular  interest  at 
this  time  being  the  case  of  surface  waves  on 
strongly  piezoelectric  lithium  crystals.  In- 
terdigital  transducers  for  efficient  excita¬ 
tion  of  surface  waves  on  these  crystals  have 
been  developed  and  demonstrated  in  prototype 
low  loss  delay  lines.  Electroacoustic  ampli¬ 
fiers  in  which  gain  results  from  the  interac¬ 
tion  between  surface  waves  on  these  delay  lines 
and  drifting  charge  carriers  in  a  separate  but 
adjacent  semiconductor  sample  have  been  demon¬ 
strated,  which  can  operate  cw  and  provide 
stable  amplification  of  surface  waves  over  wide 
frequency  ranges.  Frequency  and  time  delay 
filters  using  interdigital  electrode  arrays 


provide  a  new  degree  of  flexibility  for  signal 
processing  and  represent  an  area  of  applications 
which  is  growing  rapidly.  A  new  approach  to 
signal  processing  functions  is  possible  using 
parametric  interactions  between  surface  waves, 
which  can  provide  signal  correlation  against 
an  electrically  variable  reference  signal.  Look¬ 
ing  into  the  future,  attempts  are  being  made 
to  use  surface  waves  to  perform  many  of  the 
functions  usually  performed  by  electrical  waves 
in  the  form  of  integrated  acoustic  circuits  of 
very  small  dimensions.  In  this  talk  the  basic 
properties  of  surface  waves  on  crystal  line 
materials  will  be  discussed  and  general  areas 
of  applications  will  be  considered. 
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THICKNESS-TWIST  VIBRATIONS  OF  A  QUARTZ  STRIP 


R.  D.  Mindlin 

Department  of  Civil  Engineering,  Columbia  University- 
New  York,  N,  Y. 


Summary 


An  exact  solution  of  the  three-dimensional 
equations  of  elasticity  has  been  found  for  the 
thickness-twist  modes  of  vibration  of  a  rotated- 
Y-cut  quartz  plate  with  a  pair  of  parallel,  free 
edges.  The  solution  has  a  simple  form:  made 
possible  by  relaxing  the  condition  that  the  edge- 
planes  be  perpendicular  to  the  main  faces  of  the 
plate.  For  the  AT -cut,  the  edges  are  off 
perpendicular  by  about  five  degrees. 

Introduction 

1 1  a  previous  paper*,  the  solution  was  given 
for  the  thickness-twist  modes  of  vibration  of 
infinite,  rotated-Y-cut,  quartz  crystal  plates. 

In  the  present  paper,  the  solution  is  recast  in  a 
different  form2  and  extended  to  accommodate 
similar  plates  of  finite  width. 

A  rotated-Y-cut  plate  is  one  whose  middle 
plane  contains  a  digonal  axis  of  elastic 
symmetry  of  the  quartz  crystal  and  whose  normal 
makes  an  angle  (35°  15'  for  the  widely  used 
AT-cut)  with  the  trigonal  axis3.  In  an  isotropic 
plate,  tne  thickness-twist  modes  of  vibration  are 
those  in  which  the  displacement  direction  is 
parallel  to  the  middle  plane  of  the  plate  and  the 
wave  normal  is  perpendicular  to  the  displacement. 
In  infinite,  rotatod-Y-cut  quartz  plates, 
analogous  modes  are  possible!  if  the  displacement 
direction  is  parallel  to  the  digonal  axis  in  the 
plane  of  the  plate.  Again  in  the  isotropic 
plate,  simple  reflections  of  thickness-twist 
waves  occur  at  free,  plane  boundaries  of  the 
plate  parallel  to  the  displacement  direction  and 
perpendicular  to  the  middle  plane.  The  same  is 
not  true  in  the  quartz  plate:  v  .th  the  result 
that  the  thickness -twist  vibrations  of  a  quartz 
strip,  with  a  rectangular  cross-section 
perpendicular  to  the  digonal  axis,  are  not 
expressible  in  terms  of  a  finite  number  of 
elementary  functions.  The  mode  shape,  if  it 
were  found,  would  comprise  an  infinite  number  of 
elementary  shapes;  and  those  with  tho  longer 
wave  lengths  would  be  designated  as  "unwanted 
modes"  or  "spurious  moaes"  which  cause 
difficulties  in  crystal  filter  applications  in 
electric  circuits. 

In  tho  present  paper,  it  is  shown  that,  if 
tho  free,  plane  boundaries  of  tho  strip  are 
maintained  parallel  to  the  digonal  axis  but  cut 
slightly  off  normal  to  the  middle  plane  (about  5° 
off  normal  for  the  AT-cut)  simple  reflections 
occur,  a  simple,  closed  solution  is  obtained  and 
modes  with  simple  shapes  and  well  spaced 


frequences  result. 

Solution 

If  the  * -axis  is  a  digonal  axis  and  the 
-axis  is  normal  to  the  middle  plane  of  the 
plate,  the  stress-strain  relations  for  the 
rotated-Y-cuts  of  quartz  are3 

T1  3  C11S1  +  °12S2  +  °13S3  +  °DjSU 

t2  “  c21sl  +  c22s2  +  c23s3  +  c2iiSu 

t3  =  c3!sl  *■  c32s2  +  °33s3  +  c3hsh 

(1) 

Tij  “  chlSl  f  CU2S2  +  ch3S3  +  cl;hS!i 


t5  =  c55s5 

+  C56S6 

t6  s  c65s5 

+  c66s6 

where  o.,  =  c, t  and  the  strains,  are  related 

to  the  displacements,  u,  v,  w,  according  to 

S2  =  $ 

s5  “  ~  +  ^ 

(2) 

Sx  «  21  +  -H. 

°  x  ^ 

The  stresses  must  satisfy  the  equations  of  motion: 

'ji +  ^6 +  -2i  \  2u> 

:>x  c  ■-  z 

*  '^2  *  -4l2v,  (3) 

'•x  i  q  <  z  ■  *2 

Jl  +  'ilk  +  ‘ih.  V‘ 2”’ 

£x  f  "z 

Wo  require  s  3toady  state  solution,  of  these 
equations,  of  the  form 

*  -  ,  Cjt 

u  *  U(y,z)e  ,  v  »  w  »  0,  (U) 

for  a  strip  of  finite  thickness  in  the  y-direction 
and  of  finite  width  in  tho  z-diroction— with  all 
four  boundaries  free  of  traction. 
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Substitution  of  (U)  in  (l)-(3)  reduces  the 
latter  to 


Ti  =  T2  =  T3  =  TU  =  0, 
-iU  3U 

t5  =  CS5  -  +  c56  55? 
t6  "  e65 1“  *  °66 


S1  °  S2  =  S3  =  sk  =  °> 

„  3U  o  SU. 

s5  =  S?  s6  "  ip 


c66 


♦  2c„  i£sl  +  c„  23L  =  A 


dy2 


58  dy3z  55  7>z2 


(5) 

(6) 

(7) 


with  the  exponential  factor  omitted. 

2 

Now,  the  four  functions 
U  =  A  sin  cos$(  y  -  z)  + 

c-  66 

B  sin-'iy  sinS(~  y  -  z) 

66 

+C  cos  >jy  cos<(c^~  y  -  z)  +  D  cos  ~(y  sin 

5<j£y-.)  66 

C66 

are  solutions  of  (7)  if 

2  2  y 

-  c66l  +  , 

where 

^55  "  C5S“  °r/°66- 


(8) 


(9) 


(10) 


For  a  plate  cf  fin,. to  thickness,  say  2h,  we 
require 


t  ]  -  \  -  V  •  °; 


(U) 


and  these  boundary  conditions  are  satisfied  by 
(8)  if 


2’jh  »  mr,  (12) 

where  m  is  an  odd  integer  for  solutions  A  and  B 
and  an  even  integer  (including  zero— which 
corresponds  to  a  face-shear  mode)  for  solutions 
and  D. 


For  traction-free  boundaries  at  z=ic,  wo 
3hould  requivo 


T  ^ 

3j  z»tc 


■  41  z" 


Z=1C 


0. 


(13) 


The  first  two  of  those  are  satisfied  identically, 
hut  the  third  cannot  be  satisfied  by  functions  as 
simple  a3  (8).  An  infinite  series  of  such 
functions  would  be  required.  However,  consider 


a  rotation  of  coordinate  axes,  through  an  angle  » 
about  the  x -axis,  according  to  tho  scheme  of 
direction  consines 


X  y  z 

x*  1  0  0 

Oil) 

y1  0  cos*  sin* 
z1  O-sir^.  cos< 

with  (5),  the  components  of  stress,  referred  to 
the  rotated  axes,  are  given  in  terms  of  the 
original  components  by 

'  /  /  '  . 

T1  =  T2  “  T3  a  TU  =  °> 

T5  =  T5  C0S!<  “  T6  sini<*  05) 

sintf  +  Tg  cos  V; 


and,  for  traction-free  boundaries  at  z'=j^c  cos', 
as  shown  in  Fig.  1,  we  require  ” 


T'l  <  =  T'l  , 

3j  z'=+c  cos<  hJ  z=+c  cos< 


T'1  ,  =  0 

5)zb+c  cos*  * 


(16) 


Now,  Tj  and  are  identically  zero  whereas 

=  A^c^cos^-c^sincKjcosycos^c^y-z) 


66 


+A  q  y^jcoaxsin^ysin^^^  y-z) 
+Bij(c36cos«-c^sinc<)cos'vysinc(5^.  y-z) 


-B  <,  y^cos*sinijycos  9(377  y"z^ 


Jk 

v-z 


66 


66 


-C^ c^coart-c^sincOsin^ycos^^^  y-z)  ^7) 
°56 

+  C<59'tvc;c°sc'coS'*ysind5— -  y-z) 

”  66 


-D^1(cr.i,cosc<«ci:.sinrOsin^ysin<<-S^  y-z) 
I  5o  00  *  C55 

c 

-D  f  9^cos<<co&i|ycos  y-z ) ♦ 

66 


In  (17),  set 


arctan(c^/c^) 


(10) 
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^F-T^'f^f/^if^W:W^i 


and  note  that  (c^/c^)y-z*--i  '/cosv. 
reduces  to 

T,L  “  A^^cosofsintjysinC^z'/coaN) 
'B?/55cos«sln>ycos(sz  ’/cos<) 


Then  (1?) 


(19) 


+Cf,^cos«cosiuysin(t;z  '/cos<) 
-D^7^^cos«cosijycos(^z  '/cos^) , 


3.  W.  P.  Mason,  Piezoelectric  crystals  and  their 
application  to  ultrasonics,  D.  Van  Nostrand 
Company,  New  York  (1950). 

U.  It.  Bechraarm,  Fhys.  Rev*  110,  1060-1061 
(1958).  — 


Hence,  it  is  apparent  that  T^=0  on  z!=+c  cos V  if 

2;,c  =  nr,  (20) 

where  n  is  an  even  integer  (including  zero— 
which  gives  simple  thickness-3hear  modes)  for 
solutions  A  and  C,  and  an  odd  integer  for 
solutions  B  and  D. 

Upon  substituting  (12)  and  (20)  in  (8)  and 
(9),  we  find  the  required  simple  solutions: 

U  =  A  sim?!&  cosSEty5!  y-z)  + 


2h 


66 


B  sinElZ  sin|l(^^  y-z )  +  CcosE^j-  * 

cos|£(^y-z)  +  DcosEffi3in|Ij(^i  y-z).  (21) 
66  c“ 


with  circular  frequencies 

m r(c66A{, 

2h  K  2  s* 
c66m  c 


(O 


(22) 


and  m  and  n  odd  or  even  integers,  for  solutions 
A,  B,  C,  D,  according  to 

A  :  m  odd,  n  even 

B  :  m  odd,  n  odd 

C  :  m  oven,  n  even 


D  :  m  even,  n  odd. 


circulated  from  Bochmann's  values1*  of  the 


For  the  AT -out  of  quartz  c “2.53  and 
■  29.01,  in  units  of  10l°  dyn/cm  ,  as 


principal  constants  of  quartz.  Hence,  by  (18), 
a  is  approximately  5°  for  the  AT-cut.  Thus,  only 
a  slight  inclination  of  the  edge  cuts  is 
required  to  reduce  the  undesirable,  complicated 
mode-shapes  to  simple  ones. 
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ZERO  TEMPERATURE  COEFFICIENT  ULTRA  SDN IC  DELAY 
LINES  UTILIZING  SYNTHETIC  QUAR12  CRYSTALS 
AS  DELAY  MEDIA 


Morio  ONCE  and  Yuzo  MOCHIZUKI 
Institute  of  Industrial  Science 
University  of  Tbkyo 
Roppongi,  Tokyo,  JAPAN 


Summary 

A  study  of  propagation  and  reflection  of 
ultrasonic  waves  in  a  quartz  crystal  has  made  it 
possible  to  design  multiple  reflection'  ultrasonic 
delay  lines  having  zero  temperature  coefficient  of 
delay.  Another  merits  of  quartz  crystals  as  delay 
media  are  in  much  higher  stability  and  lower  pro¬ 
pagation  loss  in  comparison  with  conventional  zero 
temperature  coefficient  glass.  Since  the  advent 
of  synthetic  quartz  crystals  grown  by  hydrothermal 
methods,  raw  materials  become  available  in  large 
sizes  and  at  low  prices.  Hence  the  use  of  synthe¬ 
tic  quartz  crystals  as  delay  media  seems  promising. 

All  the  delay  lines  considered  in  the  present 
paper  consist  of  reflection  surfaces  which  are 
parallel  to  the  X-axis  of  quartz.  An  ultrasonic 
shear  wave  with  its  polarization  direction  parallel 
to  the  X-axis,  which  is  designated  SX-wave,  can  be 
reflected  from  any  reflection  surface  without  a 
mode  conversion. 

Two  approaches  have  been  taken  in  order  to 
realize  a  zero  temperature  coefficient  of  delay  at 
room  temperature. 

In  the  first  approach,  a  rectangular  shape 
similar  to  a  lino  constructed  by  Merkulov  and 
Yakovlev  is  used.  Two  reflection  3urfacos  are 
perpendicular  to  the  Z-axis.  The  other  two  sur 
faces  are  perpendicular  to  the  Y-axis  and  the  in¬ 
put  and  the  output  shear  wave  transducers  are 
placed  on  a  part  of  each  surface.  A  wave  left 
from  the  input  transducer  roaches  to  the  output 
transducer  after  a  number  of  reflections.  An  ex¬ 
amination  of  temperature  characteristics  of  each 
partial  path  shows  that  both  positivo  and  negative 
temperature  coefficients  of  delay  exist.  And  it 
has  been  found  that  an  cancellation  of  positivo 
and  negative  effects  can  be  achieved  at  certain 
discrete  ratios  of  the  length  along  the  Y-axis  to 
the  length  along  the  Z-axis  and  hence  a  zero  tem¬ 
perature  coefficient  of  total  delay  can  be  obtained. 

The  second  approach  is  based  on  the  fact  that 
there  exist  two  SX-wave3  with  very  good  temperature 
characteristics.  These  are  similar  to  the  waves 
used  in  AT  and  BT  cut  resonators  and  are  designat¬ 
ed  the  AT  wave  and  BT  wave,  respectively.  It  has 
been  found  that  surfaces  inclined  either  -86°5»  or 
-20°  from  the  XY  plane  reflect  the  incident  AT 
wave  to  the  BT  wave  and  vice  versa.  Hence  a  delay 
line  consisting  of  only  those  two  kinds  of  reflec¬ 


tion  surfaces  can  have  zero  temperature  coefficient 
of  delay. 

Several  delay  lines  have  been  made  and  their 
measured  temperature  characteristics  show  a  zero 
temperature  coefficient  at  room  temperature  as  pre¬ 
dicted. 

1.  Introduction 

Ultrasonic  del^y  lines  have  been  used  in  vari¬ 
ous  applications  in  signal  and  data  processing. 

The  recent  trends  in  requirements  for  ultrasonic 
delay  lines  are  a  higher  operating  frequency  and  a 
longer  delay.  This  yields  also  a  larger  informa¬ 
tion  storage  capacity,  since  the  capacity  is  pro¬ 
portional  to  the  product  of  the  operating  frequency 
and  the  delay  time.  A  good  use  of  a  large  storage 
capacity  is  only  achieved,  when  the  temperature 
variation  of  delay  time  is  kept  t.o  a  minimum.  This 
is  because  the  allowable  relative  variation  of 
delay  time  is  inversely  proportional  to  the  storage 
capacity.  The  larger  the  capacity,  the  tighter  tho 
allowance. 

A  delay  line  consists  of  the  input  and  the 
output  transducers  and  a  delay  medium.  There  are 
a  wide  variety  of  bondod  and  thin  film  transducers 
which  are  capable  of  operating  at  frequencies  above 
say  100  MHz.  Whereas  the  choise  of  delay  media 
which  exhibit  low  ultrasonic  loss  at  high  frequen¬ 
cies  and  good  temperature  stability  of  delay  is 
rather  limited. 

Fused  quartz,  which  has  been  one  ^ f  the  most 
widely  used  delay  media,  ha3  a  low  xoss  even  at  a 
very  high  frequency.  But  its  large  temporat ire 
coefficient  of  delay  .f  -80  PPM  requires  ' \e  use 
of  temperature  controlled  oven  inmost  applications. 

Sapphire  is  another  low  loss  material  which  is 
used  at  microwave  frequencies.  Its  disadvantages 
are  again  the  temperature  coefficient  of  20  PPM  and 
the  severe  limitation  of  available  size. 

If  an  emphasis  is  put  on  temperature  stability, 
thoro  are  various  isopaustic  alloys  and  glasses 
which  exhibit  zero  temperature  coefficient  of  delay 
at  room  temperature.  Their  losses, however,  increase 
rapidly  with  frequency.  Hence  their  use  is  limited 
to  frequencies  below  10  MHz  excopt  for  a  short  de¬ 
lay.  Their  temperature  characteristics  are  sensi¬ 
tive  to  tho  composition  and  the  heat  treatment, 
which  makes  tho  fabrication  difficult.  Sometimes  a 
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large  aging  of  delay  time  exists. 

In  the  present  paper,  the  use  of  single 
crystal  quartz  as  delay  medium  is  proposed.  It 
is  well  known  that  quartz  is  physically  and  chemi¬ 
cally  stable  and  has  very  low  loss  at  high  frequ¬ 
encies.  A  study  of  propagation  and  reflection  of 
ultrasonic  waves  in  a  quartz  crystal  has  made  it 
possible  to  design  multiple  reflection  type  ultra¬ 
sonic  delay  lines  having  zero  temperature  coeffi¬ 
cient  of  delay.  Since  the  advent  of  synthetic 
quartz  crystals  grown  by  hydrothermal  methods,  raw 
materials  become  available  in  large  sizes  and  at 
low  prices.  Hence  the  use  of  synthetic  quartz 
crystals  as  delay  media  seems  promising.  Since  the 
loss  of  quartz  has  been  extensively  studied,  the 
emphasis  of  the  present  paper  is  put  on  tempera¬ 
ture  characteristics. 

The  propagation  of  ultrasonic  waves  in  an 
anisotropic  crystal  differs  considerably  from  the 
propagation  in  an  isotropic  material.  The  veloci¬ 
ty  of  the  propagation  is  determined  by  the  orien¬ 
tation  of  the  propagation  direction  with  respect 
to  the  crystallographic  axes.  Only  certain  direc¬ 
tions  yield  pure  longitudinal  or  shear  modes  of 
propagation.  In  general,  a  phase  front  normal  is 
not  collinear  with  the  direction  of  energy  flow. 

On  reflection  from  a  surface  plane,  the  equality 
of  incidence  and  reflection  i3  not  maintained  and 
there  may  be  a  mode  conversion.  All  these  points 
must  bo  taken  into  account  in  the  design  of  delay 
lines. 


2.  Use  of  SX  waves 


Mode  conversion  on  reflection  should  bo  avoid¬ 
ed,  because  it  increases  the  insertion  I033  and, 
more  important,  the  amount  of  spurious  signals. 
Hence  shear  waves  designated  SX  waves  are  used. 

The  polarization  of  SX  waves  is  parallel  to  the  X- 
axis  and  the  direction  of  propagation  is  within 
the  Y2 -plane.  It  can  refloct  from  surfaces  para¬ 
llel  to  the  X-axis  without  nwdo  conversion. 

Temperature  coefficient  of  delay  of  SX  waves 
varies  with  the  direction  of  propagation  and  be¬ 
comes  zero  at  two  angles  corresponding  to  AT  and 
BT  cuts.  These  waves  are  designated  as  AT  wave 
and  BT  wave,  respectively. 

A  straight  path  delay  line  having  zero  tempe¬ 
rature  coefficient  of  delay  is  easily  obtained  by 
the  use  of  AT  or  BT  wave  with  duo  regard  to  the 
direction  of  energy  flow.  Hence  the  present  paper 
is  limited  to  the  multiple  rolfection  typo,  which 
can  yield  a  long  delay  in  a  small  size  of  crystal. 
The  existence  of  reflection  surface  also  provides 
a  means  of  precise  adjustment  of  delay  time  with¬ 
out  removing  transducers. 

The  dimension  along  the  X-axis  is  not  critical 
if  it  is  sufficiently  long.  Hence  characteristics 
of  a  delay  line  is  determined  by  the  contour  in  the 
YZ-plane . 


Two  approaches  have  been  taken  in  order  to 
realize  a  zero  temperature  coefficient  of  delay. 

One  is  based  on  the  overall  cancellation  of  positive 


and  negative  temperature  variation  of  delay  associ¬ 
ated  with  partial  paths.  Another  is  based  on  the 
fact  that  there  exist  two  kinds  of  surfaces  which 
reflect  the  incident  AT  wave  to  the  BT  wave  and 
vice  versa.  Hence  a  delay  line  consisting  of  only 
these  two  kinds  of  reflection  surfaces  can  have 
zero  temperature  coefficient  of  delay. 


3.  Analysis  of  SX  waves 
3.1  Propagation  of  SX  waves 

Since  electromechanical  coupling  in  quartz  is 
small  a  purely  elastic  analysis  suffices  for  the  pre¬ 
sent  purpose.  The  relationship  between  stress(Ti) 
and  strain  (Si)  refered  to  crystallographic  axes 
of  quartz  is  as  follows: 


Tl 

= 

cn>  C12,  c13,  cj*, 

51 

t2 

C12,  Cn,  Ci3,-Ci4, 

S2 

t3 

c13>  c13>  c33> 

S3 

*L 

c14»"c34»  CAV 

SA 

t5 

c44>  C1A 

s5 

T6 

cli,>  c66 

s6 

whore  C-y  are  stiffness  constants.  The  displace¬ 
ment  (ujj  of  a  SX  wave  can  be  written  by  the  follow¬ 
ing  form: 


ux  =  u0exp  j{k(ny  +  nz)  -  <»t )  (2) 

u2  =  u3  =  0 

where  (0,  m,  n)  is  tho  direction  co3ino  of  the 
phase  front  normal.,  and  k,  o>,  are  the  wavo 
number,  the  angular  frequency  and  a  constant,  res¬ 
pectively.  Tho  strain  is: 


S1  =  S2  =  S3  =  =  0 

-  3  ui 

s5  ‘  -if-  (3) 


S6- 


aui 
0  y 


This  i3  substituted  in  (1)  wlu'n  is  then  substituted 
into  the  equation  ol  motion  to  obtain  tho  following 
equation: 


P"2^  k2(c66m^cit4n2+2cli>mn) 

Hence  the  phase  velocity  Vp  is  given  by: 

v  =  ~  =  0  66®2tCA4n2*-2ciJ!lnn 

P  k  <1  n 


M 


(5) 


Fig.  1  shows  the  phase  velocity  as  a  function  of 
tho  direction  angle  0  ,  which  is  measured  counter¬ 
clockwise  from  the  Y-axis. 

0  =  tan-1  JL.  (6) 
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Whereas  the  direction  consine  of  energy  flow 
is  given  by 

0:  U]T£  :  U3T5 

=  0  :  (cjj^n  +  C66m)  5  (c44n  +  cl4m)  (?) 

Hence  the  direction  angle  i>  is  ; 

*  =  tan'1  W02W.  (8) 

oy^c^ffa 

The  difference  between  two  angles,  6  end  0  ,  is 
given  by  the  following  equation. 

p  -  0  =  tan"1  ™(cU-c66)+c14(m2-n2)  (9) 

2  2 

c66mfo44n  +2cl4ffln 

Fig.  2  shows  the  difference  as  a  function  of  the 
angle  ^  . 

3.2  Reflection  of  SX  waves 

Fig.  3  shows  a  traction  free  reflection  sur¬ 
face  with  the  angle  8  .  The  incident  wave  and 
the  reflected  wave  can  be  expressed  by  the  follow¬ 
ing  equations,  respectively. 


When  the  surface  and  the  incident  wave  are 
given,  the  reflected  wave  is  obtained  by  the 
following  equation, 

q  __Bc/(4+2Ac66+a2bc66"2c1A 
c^+2ABc^-A2C66-2A2Bc1/> 

Whereas,  when  the  incident  and  the  reflected  waves 
are  given,  there  are  usually  two  surfaces,  because 
Eq.  (14)  is  quadratic  in  A. 

Fig.  4  shows  the  relationship  between  incident 
ar.d  reflection  angles.  The  parameter  is  the  angle 
8  of  the  reflection  surface. 

3.3  Temperature  characteristics  of  SX  waves 

Two  factors  affect  the  temperature  variation 
of  delay  time.  One  is  the  variation  of  propagation 
velocity  and  the  other  is  the  thermal  expansion. 

The  latter  is  taken  into  account  by  changing  the 
contour  in  the  YZ  plane  in  the  following  manner. 

A  comer  point  (x,  y,  z)  at  the  standard  tempera¬ 
ture  Tq  moves  to  the  point  ( &'{'/>  J?Zz)  at 
another  temperature  T,  whore  lx,  ly  and  Is  are  the 
length  at  temperature  T  of  unit  vectors  along  the 
X  the  Y  and  the  Z  axies,  respectively,  at  the 
standard  temperature. 


u  =  u0  exp  jk  (ny  +  ns) 

1  (10) 

u[  =  uo'  exp  jK*(m»y  +  n'z) 

The  time  factor  is  omitted. 

The  traction  free  boundary  condition  at  the  surface 
is: 

cos  8  •  T*j  —  sin  8  •  T^  ~  0  (11) 

The  substitution  of  (10)  into  (11)  yields  the 
following  two  equations 


u0  =  u0» 


(12) 


and 

o66m2+cjiitn2^2clitmn  _  c66m»2-R^n>2f2cVtm>nt 
(mcos^+n  sind  ) '  (m*  cjs^+n'  sine  )fc 

(13) 

The  second  equation  which  corresponds  to  Snell's 
law  may  be  expressed  as  follows: 

c66+2Bcu+b2°44  °66+2Cc14+c2<:44 

- - - - - - -  (14) 

(1+ABr  (1+AC)2 


where  A,  B,  C  are  tangent  of  direction  angles. 

A  =  tan  8 

B  =  =  tan  0  (15) 

m 

C  =  -2l  =  tan  0  1 
ra» 


The  total  delay  time  at  a  certain  temperature 
T  is  Votained  as  follows. 


(1)  Draw  the  contour. 

(2)  Trace  the  path  of  energy  flow  from  the  input 
transducer  to  the  output  transducer  and  deter¬ 
mine  reflection  points. 

(3)  Calculate  the  length,  Li,  of  the  i-th  partial 
path. 


(4) 


Then  the  delay  time,  Di,  of  the  i-th  partial 
path  is  given  by: 


Di  = 


Lj-coB^i-  0  i) 

V 


(17) 


where  0  i,  i,  vpi  are  the  directions  of  phase 
front  normal  and  energy  flow  and  the  phase  velocity, 
respectively,  at  temperature  T. 


(5)  The  total  delay  time  is  the  sum  of  Di. 

Repetition  of  the  3tep3  (1),  (2)  and  (3)  at 
each  temperature  is  troublesome  and  misses  intuitive 
estimates  of  final  characteristics.  Hence  tho 
following  approximation  of  is  usod  at  intermedi¬ 
ate  stage  3. 

Di,  =  ldQ-C03(Oio  -  flip)  (18) 

V  •  * 
pi 

where  the  subscript  "0"  moans  that  values  at  the 
standard  temperature  are  taken.  vp£*  is  the 
apparent  phase  velocity,  which  takes  the  effect  of 
thermal  expansion  into  account  and  only  variable 
dependent  on  temperature  in  (18).  Final  temperature 
characteristics,  however,  are  always  calculated 


23 


taking  the  whole  steps.  Material  constants  given 
by  Mason  are  used  in  all  the  calculation.^1 

Fig.  5  shows  temperature  variations  of  appa¬ 
rent  phase  velocity  at  0  and  50°C  with  respect  to 
the  velocity  at  the  standard  temperature  of  2J°C. 

It  can  be  seen  that  there  is  no  variation  for  the 
AT  and  the  BT  waves. 

A.  Rectangular  delay  lines 

Merkulov  first  studied  multiple  reflection 
type  delay  lines  made  of  single  quarts  crystal  '2l 
His  study  was  limited  to  the  rectangular  contour 
in  the  YZ-plane,  of  which  side.,  w-e  parallel  to 
either  the  Y-  or  the  Z-  axes.  No  mention  was 
made  of  temperature  characteristics. 

Fig.  6  and  7  shows  the  pattern  of  energy  flow 
paths.  The  numbers  of  partial  paths  are  seven 
and  nine,  respectively.  The  pattern  in  Fig.  6  was 
obtained  by  Merkulov.  Input  and  output  transducers 
are  placed  at  opposite  sides  parallel  to  the  Z-axis. 
The  phase  front  at  each  transducer  is  also  parallel 
to  the  Z-axis.  Hence  the  reflected  wave  at  the 
output  traces  back  the  samo  paths  to  the  input  and 
reflects  back  again,  which  yields  the  triple  travel 
signal  as  in  the  case  of  conventional  delay  lines. 

The  pattern  of  paths  is  stable  against  small 
changes  in  the  contour  and  the  location  of  input 
transducer.  Also  the  total  delay  time  is  constant 
regardless  of  the  location  of  the  input  transducer, 
provided  that  the  pattern  is  preserved. 

It  can  be  seen  in  Fig.  6  and  7  that  there  are 
only  four  kinds  of  the  propagation  direction. 

Table  1  summarizes  characteristics  of  each  propa¬ 
gation  direction.  The  apparent  phase  velocity 
along  the  direction  I  has  a  large  positive  tempe¬ 
rature  coefficient.  Whereas  the  velocity  along 
the  direction  IV  has  a  large  negative  coefficient. 
Hence  it  is  possible  to  cancel  out  the  temperature 
variation  of  the  total  delay  time  by  adjusting  the 
ratio  of  3ide  lengths.  According  to  an  approximate 
calculation,  zero  temperature  coefficient  of  the 
total  delay  is  to  bo  obtained  at  the  following 
ratio. 

■  ■  =  0.86  (19) 

“o 

where  Y0  and  Z0  are  the  length  along  the  Y  and  Z 
axis,  respectively.  The  following  total  delay  is 
obtained  at  this  ratio. 

D(  ua)  =  12.5  Y0  (cm)  (20) 

Fig.  8  shows  temperature  characteristics  calcu¬ 
lated  according  to  the  whole  steps  described  in  3.3. 
The  curve  is  nearly  parabolic  and  has  a  turn  over 
temperaturo  at  room  temperature.  The  location  of 
turnover  temperaturo  can  be  shifted  to  any  desired 
temperature  by  adjusting  the  Yo/Zo  ratio  as  shown 
in  Fig.  9. 

SLmilary  zero  temperature  coefficient  is  ob¬ 
tained  for  the  pattern  shown  in  Fig.  7  at  the 


following  ratio. 


1.425 

(21) 

Zo 

The  total  delay  is: 

D(  m  s)  =  12.8  Y0  (cm) 

(22) 

A  comparison  of  (20)  and  (22)  shows  that  little 
advantage  is  gained  by  using  a  more  complex  pattern. 

When  the  input  and  the  output  transducers  are 
placed  on  surfaces  parallel  to  the  Y-axis,  two 
patterns  having  zero  temperaturo  coefficient  are 
obtained  as  shown  in  Fig.  10  and  11.  The  pattern 
in  Fig.  10  has  seven  partial  paths  and  the  Y0/Z0 
is  0.75.  The  pattern  in  Fig.  11  has  nine  partial 
paths  and  the  Yo/Zq  is  0.44. 

Nearly  grazing  angle  of  incidence  to  the 
vertical  surface  is  not  favorable  to  practical  use, 
because  spurious  signals  are  likely  to  occur  when 
a  beam  of  finite  width  is  used. 

5.  Polygonal  delay  lines 

In  the  second  approach  for  obtaining  zero 
temperature  coefficient,  reflection  surfaces  has 
to  be  found  which  reflect  the  incident  AT  wave 
to  the  BT  wave  and  vice  versa.  The  variation  of 
delay  with  temperature  is  cubic  for  the  AT  wave  and 
parabolic  for  the  BT  wave .  The  shape  and  the  loca¬ 
tion  of  the  turnover  temperature  depend  somewhat  on 
the  direction  angle.  In  the  present  study,  the 
direction  angles  are  chosen  as  shown  in  Table  2. 
Properties  are  also  included  in  the  table. 
Substitution  of  the  tangents  of  both  waves  into 
(14)  yields  the  following  two  tangents  for  rolfec- 
tion  surfaces. 

A  =  -14.618  (-86°5*) 

A  =  -0.36377  (-20°)  (23) 

The  design  of  a  contour  is  to  combine  these  two 
surfaces  together  with  the  input  and  the  output 
surfaces  which  are  parallel  to  the  phase  front  of 
the  AT  or  the  BT  wave.  Fig.  12  and  13  show 
examples.  Although  the  contour  in  Fig.  12  is 
pentagonal,  only  three  surfaces  are  to  be  precisely 
finished.  The  contour  in  Fig.  13  is  hexagonal  and 
all  the  surfaces  are  to  be  precisely  finished. 
Calculated  temperature  characteristics  will  be 
presented  later  with  experimental  results. 

6.  Experiments 

6.1  Fabrication 

Several  delay  lines  as  shown  in  Fig.  14  have 
been  made  to  cheek  the  theory.  The  dimension  of 
the  rectangular  line  is  6  x  21  x  24  mm.  The  thick¬ 
ness  along  the  X-axis  of  the  pentagonal  and  the 
hexagonal  lines  is  10  mm.  The  length  of  the  side 
1-5  in  Fig.  12  is  33.2  ran.  The  distance  between 
the  side  2-3  and  the  side  4-5  in  Fig.  13  is  38.6  mm. 
Piezoelectric  ceramic  shear  transducers  are  bonded 
to  the  input  and  the  output  surfaces.  Tho  poling 
axis  is  parallel  to  the  X-axis  in  order  to  excite 
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SX  waves.  The  resonant  frequency  is  about  8  MHz, 
which  is  too  low  in  comparison  with  expected  ope¬ 
rating  frequencies  of  these  delay  lines.  Low  loss 
of  quartz  at  high  frequencies,  however,  has  been 
well  confirmed.  Hence  our  present  concern  is  to 
see  whether  or  not  zero  temperature  coefficient  is 
realized. 

6.2  Measurement 


Since  the  delay  is  rather  short  and  the  fre¬ 
quency  is  low,  the  variation  of  delay  with  tempera¬ 
ture  is  measured  as  phase  change  by  the  circuit 
shown  in  Fig.  15 .  The  output  of  the  frequency 
synthesizer  is  devided  into  two  paths;  one  is  a 
delay  line  in  an  oven  and  another  is  an  attenuator. 
Outputs  of  both  paths  are  added.  The  frequency  and 
the  attenuator  setting  are  adjusted,  so  that  a 
phase  opposition  cancellation  is  achieved.  When 
temperature  varies,  a  slight  change  of  frequency  is 
necessary  to  reestablish  the  cancellation.  Then 
the  specific  variation  of  phase  dexay  J  D/D  is  very 
close  to  th j  specific  frequency  change  J  f/f. 


J  D  J  f 

___  _  _  ___ 


(24) 


A  gate  with  a  double  pulse  generator  is  used  for 
the  measurement  of  total  delay  time  using  pulsed 
RF  signals.  It  is  also  sometimes  used  to  suppress 
spurious  signals  in  the  phase  delay  measurement. 
Impedance  of  transducers  and  insertion  losses  of 
delay  lines  aro  measured  in  conventional  manners. 

6.3  Results  obtained 


Table  3  shows  tho  comparison  between  calcula¬ 
ted  and  measured  delay  time.  The  measurement  is 
done  by  pulsed  RF  signals.  The  agreement  is  good. 

Measured  variations  of  delay  of  each  line  with 
temperature  aro  shown  in  Fig.  16,  17  and  18.  Solid 
lines  are  calculated  values  and  dotted  lines  are 
measured  values.  Material  constants  used  in  the 
calculation  aro  not  good  enough  to  expect  an  agree¬ 
ment  in  details  over  a  wide  range  of  temperature. 
With  this  consideration  in  mind,  the  agreement  in 
Fig.  17  and  18  for  the  pentagonal  and  the  hexagonal 
lines  is  fairly  good  and  measured  characteristics 
definitely  exhibit  zero  temperature  coefficient. 

Whoreas  measured  variation  in  Fig.  16  for  the 
rectangular  line  exhibits  a  largo  positive  tempera¬ 
ture  coefficient.  This  is  probably  due  to  that 
tho  accuracy  of  material  constants  and  dimensions 
affects  more  severely  in  this  lino,  of  which  par¬ 
tial  paths  have  large  temperature  coefficients. 

In  other  lines  partial  paths  itself  have  good 
temperature  characteristics. 

According  to  Fig.  9,  the  length  along  tho  Y- 
axls  is  shortened  in  order  to  shift  up  tho  loca¬ 
tion  of  turnover  temperature.  Fig.  19  shows 
measured  characteristics  at  tho  Y0/Z0  ratio  of 
0.94.  Zero  temperature  coefficient  is  obtained 
this  time. 


An  example  of  insertion  loss  and  spurious  res¬ 
ponses  is  shown  in  Fig.  20  for  tho  pentagonal  line. 
Fig.  21  is  a  picture  of  the  input  and  the  output 
waveforms  in  the  pulsed  RF  operation.  Relatively 
large  spurious  responses  are  due  to  the  tripple 
travel  signal  and  spurious  reflections  caused  by 
the  beam  spread.  The  latter  can  be  reduced  by 
increasing  the  operating  frequency.  Fig.  22  shows 
the  waveforms  at  52  MHz,  which  corresponds  to  the 
seventh  overtone  operation  of  transducers.  An 
improvement  of  spurious  responses  is  apparent . 

Spurious  responses  in  rectangular  and  hexago¬ 
nal  lines  are  worse,  because  of  more  reflections 
at  surfaces.  Increase  of  operating  frequencies  is 
te  'ted  by  overtone  operations  of  transducers  and 
found  to  be  effective  also  in  this  case. 

7.  Conclusion 

Theory  and  experiment  of  multiple  reflection 
type  ultrasonic  delay  lines  made  of  synthetic 
quarts  crystals  aro  presented.  Zero  temperature 
coefficient  of  delay  time  at  room  temperature  is 
realized  by  two  different  approaches:  one  is  based 
on  tho  overall  cancellation  of  large  positive  and 
negative  variation  of  delay  with  temperature  and 
another  is  based  on  the  combination  of  partial 
paths  having  good  temperature  characteristics. 

If  good  high  frequency  transducers  are  intro¬ 
duced  in  these  delay  lines,  merits  of  synthetic 
quartz  crystals  a3  delay  media  with  low  loss  and 
high  temperature  stability  will  be  fully  utilized. 
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TABLE. I  CHARACTERISTICS  OF  FOUR  PROPAGATION  DIRECTIONS 
APPEARED  IN  RECTANGULAR  DELAY  LINES 


Direction 

Direction  of 

V4V»  front  ncrr*l 

(«) 

DorWtlon 

of  •nirflr  b»ia 

(a1-# ) 

Fh*je  viltcUjr 
(C rp  )  vh 

Velocity 
of  ontrcr  Pew 

«/. 

Twporftturc 
ceofflelent 
of  appirat 
Telocity 
*10"fy*C 

0* 

-24*22* 

)9« 

*27Q 

8.8 

n 

31*91' 

28* 

33» 

3310 

1.6 

in 

-2*?6' 

5127 

5132 

0 

IV 

63*38' 

3918 

4302 

-8.3 

TABLE.2  CHARACTERISTICS  OF  THE  AT  AND  THE  BT  WAVES 


phije  velocity 
(Vp )  «/« 

Direction 
of  energy  flew 

(?) 

AT 

35*15' 

B»0.7067 

3320.5 

40*40' 

BT 

-69*. 

c« -1.150 

5093.0 

-59*36' 

TABLE. 3 

COMPARISON  BETWEEN  CALCULATED  AND  MEASURED 
TOTAL  DELAY  TIME 


vp(Km/S) 


8  (DEGREE) 


FI6.I.  PHASE  VELOCITY  VERSUS  DIRECTION  ANGLE 
OF  THE  PHASE  FRONT  NORMAL. 


Z 

A 


FIG.3  INCIDENT  AND  REFLECTES  WAVES 
AT  A  FREE  SURFACE. 


FIG.2  DIFFERENCE  BETWEEN  THE  DIRECTION 
OF  THE  PHASE  FRONT  NORMAL 
AND  THE  DIRECTION  OF  THE  ENERGY  FLOW. 


tf'tDEGREE) 


FIG.4 

RELATIONSHIP  BETWEEN  INCIDENT  AND  REFLECTION  ANGLES. 
THE  PARAMETER  IS  THE  ANGLE  OF  SURFACE. 
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TEMPERATURE  VARIATIONS 
OF  APPARENT  PHASE  VELOCITY. 


FIG  .7 

RECTANGULAR  DELAY  LINE  WITH  NINE 
PARTIAL  PATHS. 


3  6 

RECTANGULAR  DELAY  LINE  WITH  SEVEN 
PARTIAL  PATHS. 


F1G.8  CALCULATED  TEMPERATURE  CHARACTERISTICS 
OF  A  RECTANGULAR  DELAY 
LINE  WITH  THE  YO/ZO  RATIO  OF  0.86. 


FIG.  9 

RELATIONSHIP  BETWEEN  THE  TURNOVER  TEMPERATURE 
AND  THE  YO/ZO  RATIO. 


FIG.  1 1  i 

RECTANGULAR  DELAY  LINE  WITH  NINE  PARTIAL  PATHS  \ 
AND  TRANSDUCERS  ON  THE  Z  SURFACES .  ' 


z 

t  5 


I _ I 

I  Cm 


RECTANGULAR  DELAY  LINE  WITH  SEVEN  PARTIAL 
PATHS  AND  TRANSDUCERS 
ON  THE  Z  SURFACES . 


FIG.  12  PENTAGONAL  DELAY  LINE. 
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FIG.I3  HEXAGONAL  DELAY  LINE. 


PIGUU  14  •  Picture*  of  synthatlc  quarts  crystal 
dalay  line i 

FIG.I7  TEMPERATURE  CHARACTERISTICS 
OF  THE  PENTAGONAL  LINE. 


OVEN 

I - 1 


FIG. 15  CIRCUIT  FOR  MEASURING  TEMPERATURE 
VARIATION  OF  DELAY. 
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FIG.I8  TEMPERATURE  CHARACTERISTICS 
OF  THE  HEXAGONAL  LINE. 


FIG.I9 

TEMPERATURE  CHARACTERISTICS  OF  THE  RECTANGULAR 
LINE  AFTER  THE  Y  LENGTH  IS  SHORTENED. 
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FREQUENCY-TEMPERATURE  DEPENDENCE 
OF  THICKNESS  VIBRATIONS  OP  PIEZOELECTRIC  PLATES 


Karel  Hruska 
University  of  Khartoum 
Khartoum,  Sudan 


Summary 


In  tnis  paper  anexpression  is  ob¬ 
tained  for  the  first-order  temperature 
coefficient  of  frequency  of  piezoelectric 
plates  vibratin/t  in  thickness  between  two 
plane  parallel  electrodes.  The  first- 
order  temperature  coefficient  is  given  in 
terms  of  thermal  expansion  coefficients 
and  temperature  coefficients  of  elastic 
stiffnesses,  piezoelectric  stress  con¬ 
stants  and  dielectric  permittivities.  It 
also  includes,  in  a  rigorous  manner:  the 
effect  of  the  order  of  harmonic  and  elec¬ 
trode  separation.  The  boundary  conditions 
are  duly  respected  and  the  consequent 
coupling  among  the  three  modes  of  vibra¬ 
tions  is  taken  into  account..  The  resulting 
expression  is  presented  in  a  general  form 
applicable  to  any  type  of  piezoelectric 
material  and  plate  of  any  orientation. 

The  derived  expression  for  the  first- 
order  temperature  coefficient  of  frequen¬ 
cy  was  then  applied  to  alpha-quartz.  The 
agreement  achieved  between  the  theoreti¬ 
cal  and  experimental  results  is  consider¬ 
ably  better  than  that  obtained  by  other 
authors  thus  supporting  the  new  values 
for  the  temperature  coefficients  of 
elastic  stiffnesses  and  compliances 
calculated  simultaneously.  Using  the 
present  expression  for  AT  and  BT  cuts, 
several  frequency- temperature-angle 
characteristics,  effect  of  overtone  and 
electrode  separation  were  calculated.  A 
comparison  between  the  theoretical  and 
several  experimental  results  yields  a 
good  agreement. 

The  experimental  values  of  the  first- 
order  temperature  coefficient  of  frequen¬ 
cy  on  which  the  application  of  the  de¬ 
rived  expression  to  alpha-quartz  plates  is 
based  have  been  known  with  two  to  three 
figures  accuracy  reaching  the  order  of 
10-'(°C)-1.  As  a  result  of  this  the  inter¬ 
pretation  was  done  exclusively  in  terms 
of  the  thermal  expansion  coefficients  and 
the  temperature  coefficients  of  elastic 
stiffnesses  at  constant  electric  field. 

The  contribution  of  the  temperature  coef¬ 
ficients  of  piezoelectric  stress  con¬ 
stants  and  dielectric  permittivities  was 
found  negligible.  The  presence  of  these 
auantities  in  the  general  expression  for 
The  first-order  temperature  coefficient 
of  frequency  would,  however,  be  appre¬ 
ciated  if  the  existing  measurment  accu¬ 
racy  were  increased  or  if  the  general 


expression  were  applied  to  soize  other 
piezoelectric  material  possessing  for 
example  a  stronger  piezoelectric  effect 
that  alpha-quartz. 


Introduction 

The  subject  of  this  paper  is  to  giv«- 
a  new  interpretation  to  the  temperature 
dependence  of  the  eigenfrequency  of  ola^: 
parallel  piezoelectric  plates  v’bratinr 
in  thickness  between  two  plane  electrode 
parallel  with  the  main  plate  faces.  The 
frequency-temperature  behavior  of  piezo¬ 
electric  p;ates  made  from  a  certain 
crystalline  material  is  knownto  be  de¬ 
pendent  on  the  direction  of  the  plate 
thickness,  mode  of  vibration  and  its 
order  of  harmonic,  electrode  separation, 
the  ratio  of  the  main  face  dimension  to 
the  plate  thickness  and  also,  it  is 
maintained,  on  the  contour  of  the  plates. 
The  frequency-temperature  dependence  was 
treated  theoretically  several  times  in  the 
past  while  some  concessions,  be  it  negli¬ 
gence  to  the  effect  of  overtone,  electrode 
separation  or  boundary  conditions,  had 
always  been  made  to  the  requirements  of 
the  theory  in  order  that  the  results  might 
bo  presented  in  a  relatively  simple  form. 

The  aim  of  this  paper  is  to  obtain 
an  expression  for  the  first-order  temper¬ 
ature  coefficient  of  frequency  including 
explicitly  the  possible  maximum  of  the 
parametres  on  which  it  is  known  to  depend. 
That  is  why  the  approach  developed  by 
TIERSTEN*  has  been  chosen  as  the  starting 
point  for  the  present  work.  This  ensures, 
among  others  positive  features,  that  the 
boundary  conditions  at  xhe  traction-free 
surfaces  of  the  plates  resulting  theoreti¬ 
cally  in  coupling  among  the  three  existing 
modes  of  the  plate  vibrations  are  proper¬ 
ly  observed. 


Basic  Relations 

A  thin  rectangular  plate  of  thick¬ 
ness  t  ,  width  £  and  length  1  is  sur¬ 
rounded  by  two  plane  electrodes  equal 
in  dimensions  and  parallel  to  the  large 
faces  of  the  crystal  plate  as  shown  in 
Fig.l.  The  separation  of  the  electrodes 
is  d,  whore  t,d<£w,l  ,  The  thickness, 
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length  and  width  of  the  plate  are  parallel 
respectively  to  the  axes  X{,  X£  and  XA  of 
an  auxiliary  orthogonal  set  of  reference 
axes,  while  another,  basic  orthogonal  set 
of  reference  axes  Xj,  X2  and  X3  is  fixedly 
defined  in  relation  to  the  crystal  struc¬ 
ture  of  the  plate.2  The  orientation  of 
the  plate  with  respect  to  the  basic  set 
of  axes  is  arbitrary  and  the  two  sets  of 
reference  axes  are  related  as  usual  by  a 
matrix  of  direction  cosines 


X2 

X3 


xx  x2 

cCjl  cC2 


1^2 

h  h 


b 

h 


a) 


In  the  anisotropic  material  of  the 
above  plate  the  following  equations  of 
state  are  valid 


T.  .  =  c.  ,S  , 

-  e  ,  E  , 

(2) 

ij  ijkl  kl 

nij  n 

=  emkl  skl 

+  ^  mn  En  » 

(3) 

where  further 

ski  •-  i 

>  • 

(4) 

Here  T  means  the  stress  tensor,  S  the 
strain  tensor,  E  the  electric  field  inten¬ 
sity,  D  the  electric  displacement,  u  the 
displacement  vector,  c  the  elastic  stif¬ 
fness  tensor,  e  the  piezoelectric  stress 
tenso>~,  £  the  permittivity  tensorj  the 
indices  i, j,k,l,r.i,n  assume  values  1,2,3. 

Moreover,  we  have  the  fundamental 
elastic  wave  equation 


„  ^2ui 


i  -  1,2,3, 


(5) 


where  Q  means  the  density  and  t,  time. 
From  the  electromagnetic  theory  we  have 


3 

'3xn 


(6) 


since  the  space  charge  density  in  a 
dielectric  is  equal  vO  zeroi  further  we 
may  -.rite 


- .12  =  —5}  ,  m,n=l ,2,3  ,  m/n.  (7) 

Equation  (6)  insfead  of  the  generally 
valid  curl  E  =  -B  is  here  usually  consider¬ 
ed  as  correct  since  it  is  known  that  put- 
tirg  6  =  0  has  a  negligible  effect  on  both 
the  velocity  and  the  amplitude  of  the  pla¬ 
ne  waves. that  are  the  solution  of  our 
problem. ’» 

With  reference  to  the  arrangement  of 
the  piezoelectric  plate,  air  gaps  and 


plane  electrodes  in  Fig. I.,  the  boundary 
conditions  are  formulated  in  the  folow- 


:  way 

pO  > 

atan 

=  atan 

xi= 

(8) 

=  Dn 

*i=  ’ 

(9) 

Tii 

=  0 

A  ,  i=l,2,3 
x{  =  ijt 

,(10) 

y 

=  (foe" 

i<ot 

x|^=  id 

(11) 

y 

iwt 

xj=-id 

(12) 

Equations  (8), (9)  and  (10)  represent  the 
continuity  of  the  electric  field  compo¬ 
nent  tangential  to  the  plate  surfaces,  the 
'ontinuity  of  the  electric  displacement 
>  omponent  normal  to  the  plate  surfaces 
,\nd  the  disappearance  of  the  elastic 
stresses  on  the  plate  surfaces  respective¬ 
ly.  The  indices  with  the  individual 
quantities  refer  to  the  primed  auxiliary 
set  of  coordinate  axes  with  the  axis  X{ 
along  the  thickness  of  the  plate  (Fig.t). 
The  boundary  conditions  (11)  and  (12)  are 
in  agreement  with  the  presence  of  a  poten- 
tialvacross  the  electrodes  exciting  the 
thickness  vibrations  oi  the  plate. 

The  relations  (2)-(12)  form  a  form  a 
complete  set  necessary  and  sufficient  to 
solve  the  problem  of  thickness  vibrations 
of  the  plate  in  Fig.l.  The  relations  aro 
analogical  to  those  given  by^TIERSTEN1  and 
also  by  BECHMANN5  and  LAWSON0  in  their 
earlier  approximative  solutions. 

Strictly  speaking  the  boundary  con¬ 
ditions  are  valid  for  the  case  of  an  infi¬ 
nite  plate  vibrating  between  two  infinite 
electrodes.  Nevertheless  for  the  problem 
of  thickness  vibrations  they  are  regard¬ 
ed  as  suitable  so  long  as  t,d«w,l  . 

Following  the  procedure  shown  by 
TIERSTEN1  in  his  treatment  of  thickness 
vibrations  of  piezoelectric  plates  similar 
relations  were  obtained  here  including, 
however,  the  case  of  non-zero  air  gap 
between  the  electrodes  and  the  crystal 
plate.  For  our  furhter  purpose  the  results 
were  related  to  the  basic  set  of  reference 
X, tXpfXj  and  rewritten  into  a  form  valid 
for  plates  of  arbitrary  orientation.  For 
the  resonance  frequency  of  thickness 
vibrations  the  following  transcendental 
equation  was  obtained 


act  Qlt  Qcf  =  0 


a,b,c,d,e,f  =  1,2,3  »  where 


(13) 

(l«0 
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and  further 


r*  =  <ya  (c^ttfeS^sass.) 

Ef°-  fdjf® 

/?r  =  Set  +  t(«i"t) 

vfe  = 

£  =  £rmm 


(15) 

(16) 

(17) 

(18) 
(19) 
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while  1  and  n&  can  be  determined 
from 


Ifc  - 

=  0 

=  0 

=  0 

(20) 

(21) 

(22) 


The  symbols  g.abc  in  (13)  and  <£>5k.  in  (20), 
(21)  and  (22)  mean  the  compo¬ 

nents  of  the  Levi-Civita  nad  Kronecker 
tensor  respectively.  The  symbol  f  appear¬ 
ing  in  (l6)  represents  the  eigenfrequency 
of  the  thickness  vibrations  of  the  plate, 
£o  means  the  dielectric  permittivity  of 
vacuum.  All  other  quantities  in  the  above 
equations  are  sufficiently  defined  expli¬ 
citly  or  can  be  determined  by  solving 
equations  (20) -(22). 

All  indices  in  the  above  relations 
assume  values  1,2,3.  It  should  be  noted 
that  the  symbol  z  ,  used  as  an  index  or 
superscript,  is  not  subject  to  the  dummy 
suffix  notation  rule  replacing  the  sum¬ 
mation  symbol  throughout  this  paper.  If 
summation  with  respect  to  this  symbol  is 
required  it  is  in  this  paper  denoted 
specifically  by  the  summation  symbol  L  . 

Solution  of  the  transcendental  equa¬ 
tion  (13)  with  respect  to  f  yields  eigen- 
frequencies  corresponding  to  all  three 
existing  modes  of  vibration  and  all  odd 
harmonics.  This  is  sufficient  here  since 
it  is  only  odd  harmonics  that  can  be 
excited  electrically  in  the  electrode 
arrangement  in  Fig.l, 


First-order  Temperature 
Coefficient  of  Frequency 

The  process  of  vibration  in  plates 
is  regarded  as  adiabatic.  This  means  that 
the  local  changes  taking  place  periodic¬ 
ally  in  the  elements  of  a  plate  are 
associated  with  local  periodic  changes  in 
temperature.  It  also  means  that  the  mate¬ 
rial  constants  appearing  in  the  transcen¬ 


dental  equation  (13)  are  adiabatic  con¬ 
stants.  It  is  further  assumed  that  the 
changing  temperature  in  the  plate  has  a 
constant  time  average  value  T0  that  is 
also  constant  throughout  the  volume  of  the 
plate. 

The  following  treatment  requires  an 
assumption  that  the  transcendental  equa¬ 
tion  (13)  as  well  as  the  auxiliary  rela¬ 
tions  (l4)-(22)  may  be  formally  differen¬ 
tiated  with  respect  to  the  implicite  pa¬ 
rameter  of  temperature  T  without  their 
validity  being  impaired. 

In  order  to  obtain  the  lirst-order 
temperature  coefficient  of  frequency  the 
expression  (13)  is  now  formally  differen¬ 
tiated  with  respect  to  the  temperature 
parameter  T  ,  the  dependence  on  T  being 
assumed  wherever  it  cannot  be  ruled  out 
for  logical  reasons.  After  the  differen¬ 
tiation  and  rearangement  of  terms  it  is 
obtained 


Iw  C'  p  t  JfaT  2g-bt 


«±fc  fssLs&L'&al 

siT,  ^  V-  £  t  /bT" 


2*1 


2ru)TiT 


-kt 


\w+.r. 


where 


Eli  =  {^-5) 

All  the  derivatives,  other  quantities  and 
values  of  material  constants  in  (23)  and 
throughout  the  following  calculation  are 
meant  at  the  temperature  T  =  T0  for  which 
the  temperature  coefficient  of  frequency 
Tf(i)  is  being  determined.  For  the  sake 
of  simplicity  of  writing  the  formulae  the 
notation  stating  thi‘  fact  is  completely 
omitted  in  this  pap'  *. 

As  can  be  seen  from  (23)  the  first- 
order  temperature  coefficient  of  frequen¬ 
cy,  Tf'1),  is  given  by  eight  terms  each  of 
them  originating  from  a  different  part  of 
the  transcendental  equation  (13).  The 
first  three  terms  appearing  on  the  right 
hand  side  of  (23)  represent  the  contribu¬ 
tion  of  the  thermal  expansion,  the  third 
one  being  obviously  non-zero  only  if 
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(d-t)  #  0  ,  i.e.  if  an  airgap  exists  be¬ 
tween  the  plate  and  the  electrodes.  The 
fourth  term  in  (23)  corresponds  to  the 
temperature  dependence  of  the  effective 
elastic  moduli  of  the  three  modes  coupled 
in  the  vibration.  The  requirement  that 
the  surfaces  of  the  plate  be  traction- 
free  gives  rise  to  the  remaining  four 
terms,  the  last  of  them  being  due  to  the 
change  in  amplitude  direction  of  the 
waves  associated  with  the  vibration.  It 
is  only  at  this  stage  that  the  origin  of 
different  contributions  to  the  first-or¬ 
der  temperature  coefficient  of  frequency 
can  be  easily  traced  up. 

The  following  treatment  is  aimed  at 
reducing  the  above  expression  (23)  to  sim¬ 
pler  terms  of  the  components  of  the  ten¬ 
sor  of  thermal  expansion  and  the  tempera¬ 
ture  derivatives  of  elastic  stiffnesses, 
piezoelectric  stress  constants  and  die¬ 
lectric  permittivities. 

Realising  that  d  is  the  electrode 
separation  and  t  the~thickness  of  the 
crystal  plate  we  may  write 


t 


t  QT 


where 


for  d  =  t 
for  d  /  t 


(26) 


Using  the  Known  relation  between  the  com¬ 
ponents  of  the  strain  tensor  and  tempera¬ 
ture  representing  the  therm?'  expansion 
it  may  be  written 


t  QT 
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Putting  further  _ 


where  m  is  the  mass  of  the  plate  and  V 
its  volume,  we  may  write 

I  _  I  ^  .  /,<»>  „<!>•.  .CON 


- (28) 

whereby  and  ,  ( i,  j,k,  1=1 , 2, 3) ,  are 

the  first-order  Isobaric  thermal  expan¬ 
sion  coefficient  referred  to  the  primed 
and  the  basic  sets  of  coordinate  axes  re¬ 
spectively.  Using  (26), (27)  and  (28)  the 
first  three  terms  of  (23)  result  in 


where 


(29) 

(30) 


Differentiating  (18)  and  (19)  we  have 
immediately 
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<7>e. 
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that  will  be  substituted  in  the  fifth  and 
sixth  term  of  (23). 

Tn  order  to  find  a  suitable  expres¬ 
sion  lor  the  components  appearing  in  the 
last  term  of  (23),  auxiliary  vectors 
and  ”?t£z)  ,  (i.z=l,2,3),  defined  by 
their  components 

Ai,  =  > 

C  - 


k  =  1,2,3  ,  (33) 
k  =  1,2,3  .  W 


are  introduced.  Differentiating  (21)  and 
(22)  and  using  the  new  notation  we  may 
write 
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z,i  =  1,2,3  (35) 
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z  =  1,2,3 
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With  respect  to  the  secular  equation  (20) 
that  takes  up,  in  the  new  notation,  the 
following  form 


-  0 

A  -  U  } 


Z  =  1,2,3 


(37) 


only  two  of  the  three  vectors  may  be 

linearly  independent  for  each  value  of  z  . 
Assuming  now  that  the  value  of  z  is  fixed 

let  it  be  vectors~&|z^  and^z\  where  A 
and  B  are  two  definite  fixed  values  of  the 
three  indices  1,2,3,  The  two  vectors 

and  Rlz)form  a  plane  containing  also 
vector"x^z'  as  follows  from  (21)  and  (36). 
Thus  it  may  be  written 


=  OT,  J-A.B 


(38) 


where  kjp^and  k^are  two  real  numbers. 


is  obtained 


Using  the  former  equations  (35)  and  (38) 
and  forming  two  scalar  products 
and  (r1z)  /Tl2) )  it  5 

-#  «  -««?>> 


Solving  these  two  equations  with  respect 
to  kiz',  £=A,B  ,  and  substituting  back  in 
(38)*the  vector  "^z^  is  found 

A  (39) 
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where  components  of  the  vector  ,  7^z) 


and 


(40) 


(41) 


(42) 


b=l,2,3,  are 
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<f ,  (1>  ,<ji  =  A,B  ,  while  <£  / 
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Therefore 

yw__  if>Kl 

In  very  rare  cases  it  happens  that 
the  three  vectors  "?(z'  ,  (i=l,2,3,  z  fixed), 
defined  in  (34)  are  colinear  so  that  the 
former  procedure  to  determine  vector  ?( z> 
cannot  be  used.  On  the  other  hand  it  would 
be  possible  to  show  that  in  these  cases 
vector  T'2)  has  no  influence  on  the  magni¬ 
tude  of  the  first-order  temperature  coef¬ 
ficient  Tf(i),  However,  the  vibration 
modes  where  this  occurs  cannot  be  excited 
electrically  so  that  the  frequency-temper¬ 
ature  behaviour  cannot  be  studied  with 
them  experimentally  either.  Therefore, 
these  cases  lie  beyond  the  limits  of  our 
interest  and  will  no  more  be  discussed  in 
this  paper. 

A  similar  expression  to  that  of  (42) 
can  be  obtained  'or  any  value  assumed  by 
the  index  z  . 

An  expression  for3f(z)/9T  ,  z=l,2,3, 
will  be  found  now  in  terms  of  j^/ST 
using  the  secular  equation  (20).  The 
calculation  is  done  for  a  fixed  value  of 
z  ,  the  result  will  be  similarly  valid  for 
arbitrary  z  , 

The  equation  (20)  can  be  rewritten 

(r*),-^(rwft^r“.^.o 

where 

ip2-  ~  ~Z  ) 

'jVl  g"  Ore 

and  differentiated  with  respect  to  T 

-[(nl^-r"’w^)  =  o 

Thus  it  may  be  written 

mr«)  (45) 
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Sir.ce  <^r(z)/aT  in  (45)  is  to  be  referred 


(43) 


(44) 


to  T=T0  as  well  as  all  derivatives  in 
this  paper,  it  is  always  the  solution  of 
(20)  with  respect  to  T^z'  that  is  to  be 
substituted  for  i-'2)  in  (45).  If  the 
three  vectors  "?[z)  defined  in  (34)  and 
appearing  in  the  three  lines  of  (20)  are 
not  colinear,  as  is  the  case  under  consid¬ 
eration,  the  three  roots  (~'z'  of  the  sec¬ 
ular  equation  (20)  are  different.  There¬ 
fore  the  denominator  of  (45),  equal  to 
the  partial  derivative  of  (43)  with  re¬ 
spect  to  r(z>,  is  always  different  from 
zero.  Thus  the  formula  (45)  makes  always 
sense. 

Substituting  from  (44)  into  (45)  we 
obtain  finally 
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where 


n(*)=  %£aki€4t<XuSlt 

while,  with  respect  to  the  definition  (15), 
'^E’k/^T  is  given  by 
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Substituting  from  (24) , (25) , (29) , 

( 30) , ( 31 ) , ( 32) , (40) , (4l ) , (42) , (46) , (47) 
and  (48)  into  (23)  the  first-order  tem¬ 
perature  coefficient  of  frequency  is 
given  by 
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where 
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where  £  =  A,B  . 


(51) 

(52) 

(53) 
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As  regards  the  material  constants  in 
(49)  it  may  only  be  repeated  that  the  val¬ 
ues  of  isagric  adiabatic  elastic  stiffnes¬ 
ses,  adiabatic  piezoelectric  stress  con¬ 
stants,  adiabatic  dielectric  permittivi¬ 
ties  at  constant  strain  and  isagric  iso- 
baric  thermal  expansion  coefficients  are 
always  to  be  used  as  it  agrees  with  the 
formulation  of  the  basic  equations  in  this 
paper  and  with  the  sense  in  which  the  ther¬ 
mal  expansion  coefficients  have  been  used. 

Is  is  essential  to  stress  again  that 
as  regards  the  elastic  constants  and  their 
temperature  coefficients  the  whole  treat¬ 
ment  was  carried  out  in  terms  of  elastic 
stiffnesses  as  constant  electric  field- 
strength  while  the  elastic  stiffnesses  at 
constant  normal  component  of  electric  dis¬ 
placement,  crH^  •  have  always  been  avoid¬ 
ed,  When  analysed  in  detail  i iJLs  found 
that  the  elastic  stiffnesses  crh^  form 
one  tensor  only  if  all  of  them  are  related 
simultaneously  to  one  direction  chosen  as 
the  direction  of  Dn.?  In  general  wc  have 
as  many  c°n  tensors  as  there  are  possible 
directions  of  Dn.  Further  the  symmetry  of 
the  c”n  tensor  is  generally  lower  than 
that  of  the  cE  tensor  being  reduced  oy  the 
presence  of  the  direction  of  Dn.  For  exam¬ 
ple  in  the  case  of  alpha-quartz  it  is  val¬ 
id  that  cf?l2  =  h  (cf, ii-cii22^  while  sim- 
ilar  equation  in  terms  of  c?h  ..  does 

not  hold  at  all.  Therefore  the  1<,K1  usage 
of  the  isagric  stiffnesses  c?..,  for  the 
interpretation  of  the  frequendy±temperature 
dependence  has  an  indisputable  advantage 
over  the  use  of^Pn.  .  .  These  properties 
of  the  tensor  cun1JK'L  were  not  always,  in 
the  past,  fully  appreciated  and  became  the 
reason  for  some  confusion. 

The  expression  (49)  is  written  in 
terms  of  the  temperature  derivatives  of 
elastic  stiffnesses,  piezoelectric  stress 
constan  .s  and  dielectric  permittivities 
rather  than  the  temperature  coefficients 
of  the  respective  quantities,  '.'his  is  done 
so  only  because  the  temperature  coeffi¬ 
cients  do  not  form  tensors.  This  would 
make  the  notation  in  (49)  complicated.  How¬ 
ever,  the  way  to  replace  the  temperature 
derivatives  by  the  temperature  coefficients 
is  obvious. 

Speaking  for  the  moment  in  terms  of 
temperature  coefficients  of  elastic  stiff¬ 
nesses,  piezoelectric  stress  constants  and 
dielectric  permittivities,  the  relative 
weight  with  which  each  of  these  three  quan¬ 
tities  contributes  to  the  temperature  coef¬ 
ficient  Tf'1)  can  be  estimated  from  (49) 
as  given  by  the  ratio  of 

c  «  e2/fi  »  e2/2£ 

respectively .where  c,  e  and  e  mean  in 
tuni  the  order  of  magnitude  of  the  elastic 
stiffnesses,  piezoelectric  stress  constants 


and  dielectric  permittivities. 


The  resulting  expression  (49)  gives 
the  first-order  temperature  coefficient 
of  frequency,  Tfd),  resolved  into  four 
contributions  corresponding  to  the  15.near 
components  of  four. qualitatively  different 
effects.  These  are  as  arranged  on  the 
right  hand  side  of  (49) i  thermal  expansion, 
temperature  dependence  of  elastic  stiff¬ 
nesses,  piezoelectric  stress  constants  and 
dielectric  permittivities.  These  are  rep¬ 
resented  by  the  material  constants  oC$ 


'a?ijkl/ 


/aT,  and 


‘ij* 


being  components”of  tensors  of  tfie  second, 
fourth,  third  and  second  rank  respective¬ 
ly. 


All  other  quantities  appearing  in 
(49)  form  together  coefficients  standing 
in  front  of  the  material  constants  of  the 
above  four  types.  These  coefficients  de¬ 
pend  explicitly  on  material  constants  as 
elastic  stiffnesses,  piezoelectric  stress 
constants  and  dielectric  permittivities 
and,  also,  on  the  orientation  of  the  plate 
thickness,  electrode  separation  and  ampli¬ 
tudes  of  the  waves  coupled  in  the  plate 
vibrations.  Through  the  quartity  3'2' 
defined  by  (16)  the, first-order  tempera¬ 
ture  coefficient  Tf'1)  depends  on  the 


frequency  of  vibration,  i.e,  cn  the  mode 
and  order  of  harmonic. 


The  real  vibrating  plates  have  fi¬ 
nite  dimensions  and  it  is  known  experi¬ 
mentally  that  Tf ' 1 ’  is  affected  by  this. 

It  is  thought  that  Tf(1)  depends  on  the 
ratio  of  the  main  face  dimension  (diam¬ 
eter)  of  the  plate  to  its  thickness  and 
on  the  contour  of  the  plate. d  This  is 
somewhat  contradicted  and  clarified  by 
a  short  study  on  alpha-quartz  AT-cuts  by 
GERBER, “  While  the  variations  in  contour 
do  not  seem  to  have  any  effect  on  the 
optimum  zero  angle  of  the  AT-cuts,  the 
analysis9  shows  that  the  zero  angle  de¬ 
pends  only  on  the  diameter/thickness 
ratio  multiplied  by  the  order  of  harmon¬ 
ic,  Reformulated,  this  conclusion  means 
that  the  temperature  coefficient  Tf'1)  de¬ 
pends  only  on  the  diameter/wavelength 
ratio,  the  wavelenght  corresponding  to 
the  wave  associated  with  the  plate  vibra¬ 
tions,  Insofar  as  the  results?  may  be  gen¬ 
eralized  the  temperature  coefficient  Tf(l) 
depends,  as  regards  the  plate  dimensions, 
only  on  the  diameter/wavelength  ratio  as 
long  as  its  value  is  small.  When  this 
ratio  exceeds  certain  critical  value  the 
temperature  coefficient  Tf'1'  becomes  in¬ 
dependent  of  the  plate  dimensions. 

The  diameter/wavelength  ratio  does 
not  appear  in  the  expression  (49)  as  a 
variable.  However,  in  agreement  with  the 
assumption  that  t,d«w,l  made  before  it 
may  be  concluded  that  the  expression  (49) 
is  suitable  rather  for  greater  values  of 
the  diameter/thickness  ratio. 


38 


Thus,  by  means  of  the  expression  (49), 
the  first-order  temperature  coefficient  of 
frequency  is  given  as  a  function  of  the 
plate  thickness,  orientation,  frequency 
(i.e,  mode  of  vibration  and  order  of  har¬ 
monic)  and  of  electrode  separation  pro¬ 
vided  that  the  diameter/thickness  ratio 
exceeds  certain  critical  value.  This  crit¬ 
ical  value  must  be  determined  experimental¬ 
ly. 


Application  to  Alpha-quartz 

The  existing  experimental  material 
regarding  the  temperature-frequency  behav¬ 
ior  of  alpha-quartz  plates  vibrating  in 
thickness  is  relatively  abundant  making  it 
possible  to  verify  the  new  expression  for 
Tfd)  presented  in  this  paper.  The  paper*0 
by  BECHMANN , BALLATO  and  LUKASZEK  gives 
twenty-four  experimental  values  for  the 
first-order  temperature  coefficient  of  fre¬ 
quency,  Tfd),  of  alpha-quartz  plates  vi¬ 
brating  in  thickness  as  obtained  for  dif¬ 
ferent  fundamental  thickness  modes  of  plat¬ 
ed  blanks  at  the  temperature  T0=25°C  . 

Their  interpretation  was  given  by  means  of 
temperature  coefficients  of  elastic  stiff¬ 
nesses  and  thermal  expansion  coefficients. 
The  temperature  coefficients  of  elastic 
stiffnesses  were  determined  there  from  the 
experimental  values  of  Tfd)  and,  on. their 
basis,  the  theoretical  values  for  Tf'*/ 
were  calculated  back  and  compared  with  the 
experimental  ones.  The  interpretation  was 
carried  out  neglecting  the  effect  of  the 
order  of  harmonic  as  well  as  the  existence 
of  coupling  among  the  modes  of  vibration. 
The  difficult  concept  of  the  tensor  of 
elastic  stiffnesses  at  constant  normal 
component  of  electric  displacement  seems 
to  have  been  used.  The  degree  of  agreement 
between  theory  and  experiment  as  obtained 
by  the  above  mentioned  authors10,  express¬ 
ed  in  terms  of  the  root  mean  square  devia¬ 
tion  calculated  for  the  24  pairs  of  exper¬ 
imental  and  theoretical  values  of  Tfd), 
is  equal  to  3,07  x  10"°  (°C)“*,  The  sum  of 
absolute  deviations  amounts  to  5°. 8  x  10"° 
(QC)-1,  the  maximum  *solute  deviation  be¬ 
ing  6,73  x  10“6  (oc)-l. 

The  interpretation  of  the  temperature- 
frequency  behavior  of  plates  vibrating  in 
thickness  suggested  here  and  the  corre¬ 
sponding  expression  (49)  are  substantially 
different  from  those  used  by  the  above 
mentioned  authors10. 

To  verify  the  new  expression  (49)  and 
to  justify  the  whole  relatively  complicat¬ 
ed  approach  leading  to  it  it vas  inevitable 
to  start  from  the  basic  experimental  data, 
i.e,  from  the  experimental  values  of  Tfd), 
To  facilitate  the  comparison  of  the  rela¬ 
tive  success  of  the  new  expression  (49) 
and  the  old  traditional  interpretation  10, 
the  experimental  values  for  Tfd)  were  tak¬ 
en  over  from  the  paper  quoted.  All  of  the 
data  together  with  the  orientations  of  the 


corresponding  plates  are  reprinted  in  Tab. 

1, 


In  this  part  of  the  present  paper 
where  the  expression  (49)  is  actually  used 
the  tensor  index  notation  useful  in  formal 
calculations  was  given  up  and  the  quanti¬ 
ties  appearing  in  (49)  were  dealt  with  in 
the  two  index  matrix  notation.  From  now 
on  the  concept  of  temperature  coefficient 
of  material  constants  was  used  rather 
than  their  temperature  derivatives  since 
the  letter  were  not  practical  here.  This 
means  that  for  example  instead  of  the 
temperature  derivative  T>Ciiii/3T  that 
appears  in  (49)  the  first-order  temper¬ 
ature  coefficient  Tc| j '  =  ( l/c^  )  ^c^/ST 
was  used.  The  whole  expression  (49)  was 
adjusted  accordingly. 


ie  temperature  coef- 
stiffnesses,  Ted), 

d1)  anri  TV.d)  t.wn 


Due  to  the  crystal  symmetry  of 
alpha-quartz  there  exist  only  six  inde¬ 
pendent  values  of  the 
ficients  of  elastic 

Tc||)  Tc{^  Tc^)  Tc33*  30(1  Tcii*>  two 
temperature  coefficients  of  Diezoelectric 
stress  constants,  Ted)  Tej^)  and  only 

two  independent  values  of  the  temperature 
coefficients  of  dielectric  permittivities, 

Tej^and  Tei^.  All  remaining  temperature 
coefficients  are  either  dependent  on  the 
values  of  the  quantities  mentioned  before 
or  equal  to  zero. 

Apart  from  these  ten  temperature 
coefficients  the  temperature  coefficient 
of  frequency,  Tfd),  also  depends  on  the 
first-order  thermal  expansion  tensor  that 
possesses,  with  alpha-quartz,  only  two 
independent  components  ocd)and  OC^ ). 

Applying  the  expression  (49)  and  us¬ 
ing  the  method  of  minimum  square  devia¬ 
tion  an  attempt  was  made  to  calculate  £he 
ten  temperature  coefficients,  Tc^1,'  Ted  ) 
T«d),  from  the  experimental  values  of 
Tfd).  The  components  of  the  thermal  ex¬ 
pansion  tensor,  ced),  were  regarded  as 
known  here  as  wellJ  as  further  in  this 
paper.  Their  values  and  all  the  values  of 
other  material  constants  as  the  elastic 
stiffnesses,  piezoelectric  stress  con¬ 
stants,  dielectric  permittivities  and 
density  were  taken  over  from  the  paper 
quoted,10 

Simultaneously  with  the  values  of 
the  ten  temperature  coefficients  their 
mean  quadratic  errors  were  calculated. 
These  were,  in  the  case  of  Te|£)  Te}4* 
Tgd^and  Tgd^  extremely  high  and  compa¬ 
rable  with  the  values  of  the  temperature 
coefficients  found.  As  a  result  of  this 
the  values  obtained  for  TejJ)  Tej/J 
and  Tgd^  were  regarded  as  not  acceptable. 
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Consequently,  the  found  values  of  TcA^, 
though  having  the  relative  error  of  the 
order  of  10  per  cent,  were  also  rejected 
being  not  acceptable  separately. 

In  order  to  explain  this  failure  the 
role  of  Tei,1 '’and  Tg'1)  as  contributors  to 

the  temperature  coefficient  Tf'1'  was  es¬ 
timated.  To  this  end  the  published11  val¬ 
ues  of  Tej1)=-l66  x  10*6(°C)_1,  TeU'= 
-1440  x  10-6(°C)-1 ,  Tg(1)=?o  x  10-6 
:(1'=39  x  10“° ( °C)-1 


x  10-b<oc)-l 
were  used  after 


L0-6(°C)-1 

and  Tili  =39  X  10”  ^  w  "  were  usseu  tii  tei 
a  slight  adjustment  to  the  conditions  re¬ 
quired  in  this  paper. (The  values  for  Tg^1) 
were  given  originally11  at  constant 
strain.)  These  values  were  then  substi- 
stuted  in  (49)  and  the  magnitudes  of  the 
last  two  terms  on  the  right  hand  side  of 
(49)  for  each  individual  plate  and  mode 
listed  in  Tab.l,  were  evaluated.  This 
estimation  showed  that  in  the  majority  of 
cases  the  contribution  from  the  tempera¬ 
ture  dependence  of  piezoe^c^' c  stress 
constants  and  dielectric  permittivities 
fell  behind  the  limits  of  accuracy  of  the 
experimental  values  of  ""f  1  » .This  was  the 
reason  why  the  quantities  Tei^'and  Tg^1' 

could  not  be  quantitatively  determined 
with  a  degree  of  accuracy  warranting  their 
acceptance. 

As  a  result  of  the  above  comparison 
it  was  concluded  that  the .accuracy  of  the 
experimental  values  of  Tf ' 1  ■  was  not  suf¬ 
ficient  for  the  last  two  terms  in  (49)  to 
play  a  meaningful  role  in  their  interpre¬ 
tation,  Consequently,  these  two  terms  were 
dropped  from  (49)  and  the  following  cal¬ 
culations  carried  out  as  if  the  temperature 
coefficient  of  frequency  depended  exclu¬ 
sively  on  the  first,  two  terms  in  (49)  and, 
as  such,  was  caused  only  by  the  thermal 
expansion  and  the  temperature  dependence 
of  elastic  stiffnesses. 


The  simplified  version  of  (49)  was 
then  used  and  suitable  values  of  the  tem¬ 
perature  coefficients  of  elastic  stiff¬ 
nesses  determined  again.  On  the  recommen¬ 
dation  of  their  authors10  the  experiment¬ 
al  values  Tf 11  ’  corresponding  to  the  X,Y, 

AT  and  BT  cuts  were  accepted  without  res¬ 
ervation  as  very  reliable.  The  temperature 
coefficients  TcJ 1  >  were  then  calculated  so 
as  to  suit  completely  these  four  values 
and,  at  the  same  time,  give  the  best  fit 
over  the  remaining  twenty  experimental 
values  TfU).  The  temperature  coefficients 
of  elastic  stiffnesses  obtained  in  this 
manner  are  presented  in  Tab. 2.  In  several 
cases  they  differ  considerably  from  those 
given  by  BECHMANN  ot  al,10  as  well  as  by 
other  authors1^* 1 3,  The  reason  for  this 
obviously  lies  in  the  specific  character 
of  the  expression  (49). 

The  ultimate  justification  for  the 
obtained  values  of  TcL1'  is,  however,  the 
degree  of  agreement  between  the  theoretical 


and  experimental  values 
end  the  found  values  of 
were  substituted  back  .in 
oretical  values  for  Tfd 
These  results  are  also  shown  in  Tab.l.  The 
root  mean  square  deviation  obtained  for 
the  twenty-four  pairs  of  the  experimental 
and  theoretical  values  of  Tf'1'  was  1,14 
x  10“®(°C)”1,  the  sum  of  absolute  devia¬ 
tions  was  19.1  x  10~°(°C)~1,  the  maximum 
absolute  deviation  being  2.84  x  10-6 (  c)"i 
The  agreement  between  theory  and  experi¬ 
ment  is  therefore  considerably  better  than 
that  obtained  by  BECHMANN  et  al.10  whose 
theoretical  values  are  also  reprinted  in 
Tab.l.  for  comparison. 

On  the  basis  of  the  newly  determined 
temperature  coefficients  of  elastic  stiff¬ 
nesses  the  temperature  coefficients  of 
elastic  compliances,  TsA1 ) ,  at  constant 
electric  lieldstrength  were  also  determin¬ 
ed.  They  are  shewn  in  Tab. 3. 

With  the  suitable  values  of  the 
temperature  coefficients  of  elastic  stiff¬ 
nesses  determined  the  expression  (Ac)  can 
be  readily  used  to  calculate  the  tempera¬ 
ture  coefficient  Tf111  for  alpha-quartz 
plates  of  any  orientation,  mode  of  vibra¬ 
tion  and  harmonic,  any  thickness  and 
electrode  separation. 

As  an  illustration  a  number  of  val¬ 
ues  characterizing  the  dependence  of  Tf'1) 
on  the  order  of  harmonic  and  electrode 
separation  and  the  temperature-frequency- 
angle  behavior  were  calculated  for  AT  and 
3T  cuts.  Some  of  them  are  shown  in  Tab. 4. 
and  Tab. 5. 

From  Table  4.  it  can  be  concluded 
that  the  theoretical  results  obtained  for 
either  cut  are  qualitatively  similar. 

The  temperature  coefficient  Tf11) 
changes  with  the  number  of  overtone,  the 
increment  in  absolute  value  being  greatest 
between  the  fundamental  and  the  first 
overtone.  Above  the  7th  harmonic  the 
change  in  Tf'1)  becomes  negligible.  This 
agrees  qualitatively  with  the  approximate 
formula  given  by  BECHMANN.14 

As  regards  the  effect  of  the  elec¬ 
trode  separation  the  temperature  coeffi¬ 
cient  TfU)  depends,  as  it  was  concluded 
from  (49),  on  the  airgap/thickness  ratio. 
An  abrupt  change  in  Tfu)  obtained  at  the 
point  where  the  airgap/thickness  ratio  be¬ 
comes  non-zero  is  due  to  thethermal  expan¬ 
sion  term  in  (49)  containing  wll0se 

value  changes  discontinuously  from  zero  to 
one  with  the  appearance  of  a  gap  between 
the  electrodes  and  the  plate.  For  a  small 
gap  this  term  becomes  relatively  very 
effective  and  is  the  reason  why  the  depen¬ 
dence  of  Tf'1)  on  the  electrode  separation 
is  not  always  monotonous.  This  seems  to  be 
the  case  with  the  AT  cut  so  that  the  angle 
0o  =  35°15’  is  the  zero  angle  not  only  for 
a  plated  blank  but  also  for  a  plate  with 


ofTfd).  To  this 
from  Tab. 2, 
and  the  the- 
calculated. 


AO 


electrodes  separated  by  a  small  gap  from 
the  plate.  This  theoretical  result  is  indi¬ 
rectly  confirmed  by  experiment  where  the 
zero  angles  6X  for  different  values  of  the 
airgap/thickness  ratio  appear  to  be  on 
both  sides  of  0o 

The  temperature-frequency-angle  de¬ 
pendence  is  characterized  by  the  theoreti¬ 
cal  results  in  Tab, 5.  Calculated  for  the 
plated  blank  and  fundamental  mode,  the 
temperature  coefficient  Tf(l)  depends  line¬ 
arly  on  the  angle  of  cut  at  least  in  an 
±2°  interval  round  the  zero  angle  0O.  The 
derivative  3Tfd)/90  calculated  here  for 
an  interval  of  6*  round  the  zero  angle  0o 
agrees  in  the  both  cases  very  well  with 
the  experimental  values,  being  in  the  case 
of  the  AT  cut  only  by  12  per  cent  less." 
However,  for  overtones  and  a  non-zero  air¬ 
gap/thickness  ratio  the  same  derivat.ve 
slightly  changes  which  is  contradicted  by 
the  experimental  values  published  for  AT 
cuts.® 

For  two  overtones  and  two  non-zero 
airgaps  the  corresponding  zero  angles  0X 
were  calculated  as  an  example  as  shown  in 
Tab. 4.  Some  of  the  values  of  6X  for  the 
AT  cuts  could  be  compared  with  the  experi¬ 
mental  results,'  Bearing  in  mind  that  the 
zero  angle  0o  in  the  source  quoted  is 
different  from  that  accepted  in  this -paper 
the  agreement  is  very  good  because  the 
intervals  between  0o  and  0X  in  comparable 
cases  are  similar. 


Conclusion 

Tho  improvement  in  the  interpretation 
of  the  frequency-temperature  behavior  ob¬ 
tained  in  this  paper  should  be  basically 
ascribed  to  two  features  that  have  been 
introduced  h.-re  and  changed  the  structure 
of  the  expression  of  tho  first-order  tem¬ 
perature  coefficient  of  frequency. 

In  the  first  place  it  is  a  fact  that 
the  elastic  strain  does  not  vanish  at  the 
traction-free  main  faces  of  the  plates 
since  the  zero  tension  is  obtained  as  a 
result  of  combination  of  non-zero  strain 
and  electric  field.  Second,  it  is  the 
exclusive  use  of  the  tensor  of  elastic 
stiffnesses  as  constant  electric  field  in 
recognition  of  the  difficulties  connected 
with  tho  reduced  and  changing  symmetry  of 
the  tensor  of  elastic  stiffnesses  at  con¬ 
stant  normal  component  of  electric  dis¬ 
placement. 

The  dependence  of  the  frequency-tem¬ 
perature  coefficient  on  the  order  of  har¬ 
monic  and  electrode  separation  and  the 
appearance  of  the  temperature  coefficients 
of  piezoelectric  stress  constants  and 
dielectric  permittivities  in  the  final 
expression  (49)  are  obtained  as  a  direct 
logical  consequence  of  this  approach  and 
would  not  be  obtained  otherwise. 

The  expression  (49)  for  Tf'1'  entail¬ 
ing  all  the  above  features  has  the  further 


advantage  of  being  suitable  for  piezoe¬ 
lectric  crystals  of  any  crystalographic 
symmetry  and  of  being  uniform  for  plates 
of  any  orientation  and  any  mode  of  vibra¬ 
tion. 

The  expression  (49)  is  sensitive  to 
the  consistence  of  the  substituted  eigen- 
frequency  value  with  the  accepted  set  of 
material  constants  used  elsewhere  in  (49). 
This  is  why  the  complicated  transcendental 
equation  ( 1 3)  had  always  to  be  solved  to 
secure  the  six  significant  figure  accura¬ 
cy  or,  better,  the  degree  of  consistence 
of  the  frequency  with  the  used  material 
constants.  In  this  connection  it  may  be 
of  interest  to  note  that  the  simpler  and 
only  approximate^transcendental  equation 
derived  long  ago^*®  gives  excellent  val¬ 
ues  for  the  frequency  differring,  as  it 
was  proved  on  a  number  of  examples,  from 
the"accurate"  values  of  frequency  based 
on  the  Tiersten  approximation’  not  more 
than  by  0,1  per  cent.  The  most  frequent¬ 
ly  used  expression  for  frequency  based 
on  the  simplified  assumption  that  the 
plate  thickness  is  equal  to  an  integer 
multiple  of  half  a  wavelength10  leads, 
for  fundamental  modes,  to  results  dif¬ 
ferring  by  1  per  cent  from  the  "accurate" 
ones. 

The  application  of  the  expression 
(49)  to  alpha-quartz  leads  to  the  con¬ 
clusion  that  the  presont  accuracy  of  the 
experimental  values  for  the  temperature 
coefficient  of  frequency  is  not  suffi¬ 
cient  for  determination  of  the  tempera¬ 
ture  coefficients  of  piezoelectric 
stress  constants  and  dielectric  permit¬ 
tivities. 

Further  analysis  not  described  in 
this  paper  showed  that  the  terms  contain¬ 
ing  the  temperature  derivatives  of  piezo¬ 
electric  stress  constants  and  dielectric 
permittivities  can  be, in  the  case  of 
alpha-quartz,  omitted  without  seriously 
impairing  the  quality  of  interpretation 
of  experimental  results. 


References 

[l]  H.F. TIERSTEN, "Thickness  Vibrations  of 
Piezoelectric  Plates,"  J.Acoust.Soc, 
Am.,  vol. 35, pp. 53-58, January  1963. 

[2j  "Standarts  on  Piezoeloctric  Crystal^" 
Proc.IRE,  vol. 37, pp. 1378-I395, Decem¬ 
ber  1949. 

[3]  V. ALDA, K.HRUSKA, J.TICHY, "Propagation 
of  Waves  Through  Infinite  Piezoe¬ 
lectric  Medium,"  Czech. J.Phys. ,  vol. 

M  A  13, pp. 3^5-366, 1963. 

[4]  K.HRUSKA, "Relation  Between  the  Gener¬ 
al  and  the  Simplified  Condition  for 
the  Velocity  of  Waves  in  a  Piezoe¬ 
lectric  Medium,"  Czech. J.Phys. ,  vol. 

B  18, pp. 214-221, 1968. 

[5]  R.BECHMANN,"Dickenschwingungen  piezo- 
elektrisch  erregter  Kristallplatten, " 


41 


[6] 

DO 

[8] 

[9] 

[10] 


[H] 


[12] 

[13] 


[14] 


Hochfrequenz.  und  Elektroak,,  vol. 56. 
pp. 14-21, 1940. 

A. W. LAWSON, "The  Vibration  of  Piezoe¬ 
lectric  Plates,"  Phys.Rev.,  vol.62, 
pp. 71-76, July  1942. 

W.G. CADY, "Piezoelectricity,"  McGraw- 
Hill  Book  Co,,  New  York, N, Y. , London, 
England , pp. 271-272 , 1 946 . 

R. BECHMANN , "Frequency-Temperature- 
Angle  Characteristics  of  AT-Type 
Resonators  Made  of  Natural  and  Syn¬ 
thetic  Quartz,"  Proc.IRE,  vol.44,pp, 
1600-1607, November  1958. 

E, A. GERBER, "Temperature  Coefficient 
of  AT  Cut  Quartz  Crystal  Vibrators," 
Proc.IRE,  vol. 43, p, 1529, October  1 955 • 
R. BECHMANN, A. D.BALLATO.T. J.LUKASZEK, 
"Higher-Order  Temperature  Coefficients 
of  the  Elastic  Stiffnesses  and  Compli¬ 
ances  of  Alpha-Quartz,"  Proc.IRE,  vol. 
50, pp. 1812-1822, August  1962. 

R. BECKMANN, "The  Elastic, Piezoelec trie, 
and  Dielectric  Constants  of  Piezoe¬ 
lectric  Crystals,"  Numerical  Data  and 
Relationships  in  Science  and  Technol¬ 
ogy,  Group  III,  Crystal  and  Solid 
State  Physics,"  Springer,  Berlin, 
Heidelberg,  New  York,  p.83  and  94, 
1969. 

W.P. MASON, "Zero  Temperature  Coeffi¬ 
cient  Quartz  Crystal  for  Very  High 
Temperatures,"  Bell  Sys.Tech.J., 
vol. 30, pp. 366-38O, April  1951. 

I . KOGA, M. ARUGA, Y . YOSHINAK A, "Theory  of 
Plane  Elastic  Waves  in  a  Piezoelectric 
Crystalline  Medium  and  Determination 
of  Elastic  and  Piezoelectric  Con¬ 
stants  of  Quartz,"  Phys.Rev.,  vol. 109, 
pp. 1467-1473, March  1958. 

R, BECHMANN, "Influence  of  the  Order  of 
Overtone  on  the  Temperature  Coeffi¬ 
cient  of  Frequency  of  AT-Type  Quartz 
Resonators,"  Proc.IRE,  vol.43,p.l667, 
November  1955. 


Acknowledgement 

The  author  wishes  to  acknowledge  his 
indebtedness  to  Mr.  Julian  Rees,  Computer 
Manager  of  the  University  of  Khartoum,  and 
his  Staff,  especially  Dr.  Otakar  Blahnik 
and  Dr.  Jaromir  Janko,  for  their  support 
facilitating  fast  progress  in  this  work. 


42 


I  ORIENTATION 

I  (vxwi)se 

MODE 

FIRST-ORDER  TEMPERATURE 
COEFFYCTRNT  OF  FREQUENCY  TfU) 

CONTRIBUTION  TO  Tf*D  j 

NEWLY  CALCULATED  1 

10-6  (°C)- 

1 

10-6  (0C)-1  J 

$ 

6 

OBSERVED 

[10] 

CALCULATED 

[10]. 

CALCULATED 

NEWLY 

THERMAL 

EXPANSION 

NEGLECTED  CONTRIBUTION 
OF  Te(l)  AND  T  vl) 
mX  mn 

3CP 

0° 

A 

-20.5 

-20.5 

-20.50 

3.74 

-0.47 

30° 

10° 

A 

-29.3 

-29.8 

-30.2 

3.98 

-0.34 

30° 

2C P 

A 

-42.0 

-41.4 

-42.81 

<+.47 

-0.23 

30° 

30° 

A 

-54.8 

-51.7 

-55.51 

5.30 

-0.15 

0° 

-45P13* 

B 

0 

0 

0.00 

7.31 

-0.34 

5° 

-47° 

B 

-  0.9 

1.7 

0.34 

7.07 

-0.37 

t.0 

-48P 

B 

-  1.5 

-  0.2 

-  1.20 

7.18 

-0.35 

10° 

-38° 

B 

1.1 

6.8 

2.06 

6.10 

-0.51 

10° 

-40° 

B 

-  2.4 

4.3 

-  0.11 

6.31 

-0.47 

15° 

-34° 30* 

B 

-  7.4 

-  0.67 

-  6.70 

5.74 

-0.47 

15° 

-35° 

B 

-  7.45 

-  0.98 

-  7.06 

5.79 

-0.46 

30° 

20° 

B 

-  9.3 

-  9.3 

-  6.47 

4.47 

-0.13 

30° 

30® 

B 

-19. i 

-18.2 

-19.35 

5.30 

-0.19 

0° 

0° 

C 

92.5 

92.5 

92.50 

3.74 

-1.47 

0° 

35°15’ 

C 

0 

0 

0.00 

5.82 

0.17  ( 

10° 

-320 

c 

0.26 

-  1.5 

0.22 

5.49 

0.00 

10° 

-33° 

c 

-  O.s? 

-  1.9 

-  O.38 

5.59 

0.00 

12.5° 

-33° 

c 

'  .3 

-  1.6? 

0.17 

5.59 

0.01 

12.5° 

-33° 30' 

c 

-  0,4 

-  2.07 

-  0.29 

<.64 

0.01 

15° 

-34° 30- 

c 

1.3 

-  2.9 

-  0.85 

5.74 

0.01 

15® 

-35° 

c 

-  0.2 

-  3.5 

-  1.48 

5.79 

0.01 

20° 

34°  20* 

0 

-  0.06 

-  0.5 

-  0.22 

5.72 

0.15 

30° 

34° 

c 

0.75 

0.26 

1.75 

5.69 

0.09 

30° 

36° 

c 

-  4.55 

-  5.4 

-  2.34 

5.89 

0.09 

Tab.l,  Measured  and  calculated  first-order  temperature  coefficient  of  frequency 
Tfd)  and  the  contribution  to  it  from  the  thermal  expansion  and  from  the 
temperature  coef f icier  s  of  piezoelectric  stress  constants  and  dielectric 
permittivities.  ,;,he  data  is  given  for  the  thickness  modes  A.B.and  C  of 
quartz  plates  selected  by  BECHMANN  et  al.l° 


Tab. 2.  Values  for  the  first-order 
temperature  coefficients  of 
the  stiffnesses  of  alpha- 
quartz  at  25°C. 


Tab, 3.  Values  for  the  first-order 
temperature  coefficients  of 
the  compliances  of  alpha- 
quartz  at  25°C. 


Tab. 4.  Calculated  values  for  the  first-order  temperature 
coefficient  of  frequency  Tf'1^  for  AT  and  BT  cuts 
under  different  conditions.  The  symbol  6X  means 
the  new  zero  angle  calculated  for  the  conditions 
stated. 


MODE 

AIRGAP 

ORDER 

THICKNESS 

1 

0 

3 

0 

5 

0 

7 

0 

9 

0 

99 

0 

1 

io-6 

1 

0.05 

1 

0.10 

1 

0.25 

1 

0.50 

1 

1.00 

1 

2.00 

1 

100,00 

Tab. 5.  Calculated  values  fl>r  the  derivative 
of  the  temperature  coefficient  of 
frequency  with  reBpect  to  the  angle 
of  orientation  for  AT  and  BT  cuts 
under  different  conditions. 


Pig.l.  Arrangement  of  the  crystal 
plate,  air  gaps,  electrodes, 
and  the  basic  and  auxiliary 
sets  of  reference  axes. 
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Summary 

The  elastic  constants  of  quartz  are 
generally  assumed  to  be  independent  of  an 
applied  electric  field.  However,  recent 
experimental  evidence  indicates  that  the 
change  in  resonant  frequency  which  occurs 
when  a  DC  voltage  is  applied  to  the  elec¬ 
trodes  of  a  crystal  cannot  be  explained 
by  a  simple  change  in  the  thickness  and 
density  of  that  crystal  through  the  pie¬ 
zoelectric  effect.  For  certain  orienta¬ 
tions,  the  measured  frequency  change  is 
an  order  of  magnitude  larger  than  that 
predicted  by  the  simple  theories.  The 
effect  in  quartz  can  best  be  explained  as 
a  modification  of  the  elastic  constants 
when  intense  electric  fields  are  applied 
to  the  material.  This  effect  can  be  ade¬ 
quately  represented  by  a  fifth-rank  pol¬ 
arizing  tensor,  which  describes  the  ef¬ 
fect  of  a  unidirectional  electric  field 
on  the  elastic  constants  of  quartz. 

Introduction 

In  the  course  of  several  experiments 
on  resonating  crystals,  a  rather  large 
frequency  change  was  observed  on  doubly 
rotated  cuts  of  quartz  when  a  constant 
potential  was  applied  across  the  electro¬ 
des.  In  another  case,  unexpected  fre¬ 
quency  shifts  in  a  resonating  crystal 
were  traced  to  static  charge  buildup  on 
the  electrodes.  (Ref.  16)  Minor  fre¬ 
quency  changes  were  detected  even  on  ro¬ 
tated  Y  cuts,  such  as  the  AT,  with  fields 
applied  in  the  thickness  direction,  (Ref. 
17)  a  result  not  consistent  with  the  ac¬ 
cepted  crystalline  symmetry  of  quartz. 
Substantial  changes  are  expected  even  on 
these  cuts  if  the  field  applied  has  large 
components  in  the  X-direction.  As  this 
effect  can  be  a  possible  source  of  prob¬ 
lems  in  high  stability,  high  precision 
crystals,  an  attempt  was  made  to  explain 


these  effects  in  terms  of  the  fundamen¬ 
tal  properties  of  quartz.  The  results 
of  this  study  indicate  that  one  must  in 
general  consider  the  effect  of  electro¬ 
static  fields  on  all  of  the  properties 
of  quartz,  although  the  largest  effect 
is  on  the  effective  elastic  constants. 

Theory 

To  a  first  approximation,  the  reso¬ 
nant  frequency  of  the  thickness  mode  of 
a  quartz  resonator  is  given  by: 

f  =  JLa/]L 

n  2t  P  (1) 

where  n  is  the  overtone  number,  t  is  the 
crystal  thickness,  p  is  the  density,  and 
c,  the  effective  elastic  constant  for 
the  acoustic  mode  of  interest.  If  one 
differentiates  (1)  above  with  respect  to 
some  field  variable  and  approximates  the 
resultant  partial  differentials  with 
their  finite  differences,  one  gets: 

A_f  _  AC  Ap  At 
f0“2C0‘2 p0~  i0  (2) 

where : 


Afsf(E)-f(0)  etc.  (3) 

If  the  field  variable  in  question  is  a 
uni-directional  static  electric  field, 
applied  to  the  electrodes  of  a  thickness 
mode  resonator,  it  can  be  shown  that  the 
strain  in  the  direction  of  the  applied 
field,  and  hence  At/t,  is  given  by:  (Ref. 
1; 

T  *  E(l5-3  lmz)  dl(  (4) 
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where  1  and  m  are  the  directional  cosines 
of  the  applied  field  with  respect  to  the 
X  and  Y  axes ,  E  is  the  magnitude  of  the 
applied  field,  and  d.«  is  the  piezoelec¬ 
tric  constant.  J"L 

More  properly,  one  should  also  con¬ 
sider  higher  order  effects  which  are  de¬ 
pendent  on  higher  powers  of  the  applied 
field.  Strongest  of  these  should  be  the 
electrostriction  effect  which  is  propor¬ 
tional  to  the  square  of  the  applied  field 
(Ref.  2)  However,  all  experimental  runs 
to  date  show  negligible  departure  from 
linearity  with  field  strengths  as  high  as 
5  x  107  volts /meter.  The  conclu¬ 

sion  is  that  second-order  and  higher  ef¬ 
fects  may  be  ignored  in  any  further  cal¬ 
culations  . 

Since  an  electric  field  generally 
causes  a  change  in  the  resonator  thick¬ 
ness,  one  must  also  consider  the  possi¬ 
bility  of  a  change  in  density  due  to  an 
applied  field.  The  change  in  density  is 
equivalent  to  the  change  in  volume  of  a 
unit  mass.  This  change  in  volume  can  be 
related  to  a  first  approximation  to  the 
strain  as  shown: 

Y  ~(sxx'  *  syy'  +  szz')  (5) 


It  is  easy  to  visualize  that,  for 
electric  field  strengths  approaching  the 
dielectric  breakdown  of  quarts,  quite 
high  internal  stresses  may  be  generated. 
An  attempt  was  made  to  see  if,  through 
the  third-order  elastic  constants,  these 
internal  stresses  could  account  for  the 
observed  frequency  shifts.  From  the 
work  of  Thurston,  Brugger,  McSkimin,  and 
Andreatch,  (Ref.  3-6)  the  expected  frac¬ 
tional  frequency  change  expressed  as  a 
function  of  the  third- order  elastic  con¬ 
stants  is  given  by: 


f-£W(°)[«oNb+Vk(2„Sjkob 

+  NrNsSjpaj)Cjr|(Sjp)] 


(7) 


where : 


oj  is  the  natural  frequency; 

N  is  the  directional  cosine  with 
a  th 

respect  to  the  a  axis  of  the  natural 
direction  of  acoustic  propagation; 

Uj  is  the  directional  cosine  of  the 
natural  particle  displacements; 

T 

sjkab  is  a  cornP°nent  the  elastic 
compliance  tensor; 


where  each  strain  element  represents  a 
longitudinal  strain  in  some  orthogonal 
axis  system.  If  one  expresses  the 
strain  matrix  as: 

s  =  d, E  (6) 

it  can  be  shown  that  (5)  leads  to  the 
conclusion  that  no  change  in  density  oc¬ 
curs  for  an  electrostatic  field. 

At  this  point,  one  can  ignore  any 
possible  change  in  the  effective  elastic 
constant  and  examine  how  well  a  simple 
change  in  thickness  accounts  for  the  ob¬ 
served  frequency  shifts.  From  the  above, 
the  change  due  to  thickness  alone  is  in¬ 
dependent  of  the  type  of  acoustic  mode. 
The  fractional  frequency  change,  and  the 
direction  of  the  frequency  shift,  are  the 
same  for  all  modes.  Both  of  these  are 
contradicted  by  experimental  evidence  as 
will  be  shown  shortly. 


Cjrkstp  a  third-order  elastic 
constant; 

t  ^  is  the  second  Piola-Kirchhoff 
stress  tensor;  and, 

p  is  a  scalar  variable. 

I 

The  expression  t  ^  (0)  indicates  differ¬ 
entiation  with  respect  to  the  scalar  var¬ 
iable  p,  evaluated  at  p»0. 

Ignoring  possible  rotational  effects 
of  the  electric  field,  the  tafa  tensor  is, 

to  first  order,  equivalent  to  the  stress 
tensor  given  by: 

Tob=-eobq^Nq  (8) 

where  E  and  are  as  defined  previously, 
and  eabq  is  an  element  of  the  piezoelec¬ 
tric  tensor.  Differentiating  (8)  with 
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respect  to  E  and  evaluating  at  E“0  gives: 

^ab(®)"'  Tab  |e=q  =_eabq^q  (9) 

With  the  substitution  of  (9)  into 
(7) ,  one  has  a  means  of  evaluating  the 
change  in  frequency  which  includes  in  one 
expression  changes  in  the  thickness, 
density,  and  the  elastic  constants,  and 
which  also  shows  the  necessary  dependence 
on  the  type  of  acoustic  mode.  Unfortu¬ 
nately,  using  the  third-order  elastic 
constants  of  quartz  yields  results  that 
are  an  order  of  magnitude  lower  than 
those  observed  experimentally.  The  con¬ 
clusion  is  that  the  model  used  must  be 
incorrect.  The  value  of  the  elastic  con¬ 
stant  must  have  a  stronger  direct  depen¬ 
dence  on  the  electrostatic  field  strength 
than  on  the  magnitude  of  the  strain  de¬ 
veloped  through  the  linear  piezoelectric 
and  elastic  constants. 

One  can  at  this  point  examine  all 
of  the  possible  properties  of  quartz  and 
attempt  to  determine  the  influence  of  an 
electric  field  upon  them.  Such  a  study 
leads  to  the  conclusion  that,  to  be  com¬ 
plete,  one  should  include  at  least  one 
new  third- rank  tensor,  which  is  related 
to  the  electro-optic  effect,  at  least  two 
new  fourth-rank  tensors  which  are  related 
to  the  elasto-optic  and  electros  trie tive 
effects,  and  at  least  two  new  fifth-rank 
tensors  which  may  be  related  to  the  elec¬ 
tro-acoustic  effect.  From  the  symmetry 
of  quartz,  this  would  involve  the  deter¬ 
mination  of  at  least  thirty  new  indepen¬ 
dent  constants.  Rather  than  attempt  this 
monumental  task,  we  have  adcp*-e»i  a  pheno¬ 
menological  approach  which  was  suggested 
and  examined  in  a  series  of  papers  by 
Hruska.  (Ref  7-11)  This  approach  is  valid 
only  when  the  contributions  from  the  pie¬ 
zoelectric  constants  are  small  enough  to 
be  neglected. 

Recalling  (2) ,  (4) ,  and  the  discus¬ 
sion  following  (6),  one  has: 

T  =  t!  “E03-3|m2)d„  (10) 

o  dKjo 

Expanding  the  effective  elastic  constant 
in  a  MacLaurin's  series  using  as  the  in¬ 
dependent  variable  the  field  strength  E, 


and  keeping  only  the  constant  and  linear 
terms  in  E,  one  has: 

c(e)=c(o)+e(H)e=o  (u) 

The  partial  derivative  of  the  elastic  con¬ 
stant  with  respect  to  the  applied  field 
forms  a  tensor  of  rank  five.  The  change 
in  a  particular  elastic  constant  may  be 
expressed  as: 

AC|kl  =  8IJklmEm  *  (12) 

where: 

_/dCljkl\ 

S ijklnr,  d£  )  E  =  0  (12a) 

>•  m/  T=0 

All  of  the  effects  mentioned  previously, 
with  the  exception  of  the  thickness  change, 
are  assumed  to  be  lumped  together  in  the 
elements  of  this  tensor.  The  actual  form 
of  the  tensor  is  shown  in  Figure  1. 

Using  the  above,  and  the  values  for 
the  censor  elements  as  given  by  Hruska, 
we  attempted  to  predict  our  experimental 
results.  As  shown  in  Figure  2,  agreement 
was  fair  in  some  cases,  rather  poor  in 
others . 


Experimental 


Measurements  were  made  on  a  variety 
of  doubly-rotated  crystal  cuts  at  various 
temperatures  and  field  strengths.  All 
measurements  were  taken  using  the  two 
thickness  shear  modes.  The  experimental 
setup  used  the  test  network  shown  in 
Figure  3.  The  network  differs  from  the 
conventional  'pi*  network  in  that  the 
crystal  is  in  a  shunt  arm  instead  of  the 
series  arm.  This  was  done  to  simplify 
measurements  in  a  temperature  bath  as  it 
only  requires  one  lead  per  crystal  in¬ 
stead  of  the  two  required  for  the  conven¬ 
tional  series  network. 

Although  this  does  not  allow  precise 
measurements  of  the  anti-resonant  fre¬ 
quency,  measurements  of  the  resonant  fre¬ 
quency  of  zero  phase  may  be  made  to  a  g 
precision  of  better  than  one  part  in  10° 
The  values  of  the  DC  blocking  capacitor 
and  the  shunt  inductor  were  chosen  to 
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minimize  their  effects  on  the  crystal  be¬ 
ing  measured  and  yet  provide  protection 
for  the  input  probes  of  the  detector. 

The  rest  of  the  test  setup  is  iden¬ 
tical  to  that  described  at  previous  sym¬ 
posia  (Ref.  12-14)  where  phase  changes 
detected  by  a  vector  voltmeter  are  used 
in  a  closed  loop  system  to  adjust  the 
operating  frequency  so  that  the  crystal 
is  always  operated  at  the  resonant  point. 
With  a  step  function  of  voltate  applied 
to  a  crystal,  the  total  system  rise  time 
is  less  than  150  msec . 

As  seen  in  Figure  4,  a  100  volt  po¬ 
tential,  approximately  500,000  volts/meter 
for  this  crystal,  causes  a  frequency 
change  of  less  than  3  parts  in  10s. 

A  further  complication  is  due  to  a 
quasi- exponential  decay  of  Che  observed 
frequency  shift.  In  this  case,  less  than 
twenty  seconds  after  the  field  was  ap¬ 
plied,  the  net  frequency  shift  decreased 
to  less  than  30  per  cent  of  that  obser¬ 
ved  when  the  field  was  first  applied. 

The  1/e  time  constant  of  the  decay  was 
about  7  sec.  for  this  crystal  at  80°  C. 

The  combination  of  a  small  effect  and  a 
strong  decay  phenomenon  affect  the  ac¬ 
curacy  of  _ay  measurements.  Serious 
measurement  errors  can  occur  if  measure¬ 
ments  are  made  after  the  steady  state 
condition  occurs . 

The  total  amount  and  the  rate  of 
decay  have  been  observed  experimentally 
Co  be  strongly  dependent  on  the  tempera¬ 
ture,  material,  and  crystallographic  ori¬ 
entation  of  the  crystal. 

A  suitable  explanation  of  the  decay 
phenomenon,  which  seems  to  explain  the 
experimental  observations  to  date,  lies 
in  the  ionic  concentrations  present  in 
crystalline  material.  When  the  electro¬ 
static  field  is  applied,  ions  apparently 
migrate  in  the  crystal  toward  the  elec- 
troded  surfaces  setting  up  a  static 
charge  which  effectively  reduces  the  tot¬ 
al  field  within  the  crystal. 

The  rate  of  migration  depends  on  the 
mot-lity  of  the  ions.  Ionic  mobility  has 
a  high  temperature  dependence.  The  ex¬ 
perimental  data  reflects  this  as  shown 
in  Figure  5 .  With  the  exception  of  those 


points  labelled  as  synthetic  ('Syn  #'), 
all  of  the  data  was  taken  using  natural 
quartz  thickness  shear  mode  resonators , 

All  of  the  natural  crystals  measured  have 
a  decay  rate  which  is  roughly  proportion¬ 
al  to: 

e(0.5?eV)/kT  (13) 

where  T  is  in  degrees  Kelvin,  and  k  is 
Boltzmann’s  constant.  This  indicates 
that  the  decay  mechanism  is  essentially 
the  same  for  all  natural  quartz  crystals. 
The  experimental  activation  energy  of 
0.57  electron  volts  is  interesting  be¬ 
cause  it  lies  within  the  range  of  mea¬ 
sured  activation  energies  for  motions  of 
positive  ion  vacancies.  (Ref.  15) 

Crystals  made  from  optical  grade 
synthetic  quartz  behave  quite  different¬ 
ly.  As  seen  in  Figure  5,  a  synthetic 
crystal  must  be  at  a  temperature  substan¬ 
tially  higher  than  a  natural  crystal  to 
exhibit  the  same  decay  rate.  Although 
not  shown,  the  synthetic  crystals  have 
one  other  property  which  indicates  that 
the  mechanism  is  slightly  different,  the 
net  amount  of  decay  for  synthetics  is 
substantially  less  for  the  same  decay 
time  constant  than  that  of  a  natural  crys¬ 
tal  at  the  same  orientation.  As  synthetic 
quartz  is  known  to  have  a  substantially 
lower  impurity  concentration  than  natural 
quartz  the  above  supports  our  hypothesis 
as  to  the  basic  mechanism. 

One  can  express  or  define  a  rela¬ 
tionship  between  the  observed  decay  times 
and  the  temperature  as: 

t  =  t0e  (0.57eV)  /kT  (14) 

where  t  is  a  normalizing  factor  which  is 
different  for  each  cut.  Plotting  the 
value  of  t  versus  the  polar  angle  of  the 
crystal  orientation  gives  the  results 
shown  on  Figure  6.  0°  in  this  case  is 

the  X-Y  plane;  90°  is  the  Z-axis.  As 
seen,  as  the  crystal  orientation  approach¬ 
es  the  X-Y  plane,  the  decay  time  constant 
increases  almost  exponentially,  t  , 
which  is  inversely  related  to  the  mobili¬ 
ty  of  the  ions,  and  hence  to  the  electri¬ 
cal  conductivity  of  quartz,  is  a  strong 


function  of  the  crystal  polar  angle.  As 
the  electrical  conductivity  along  the 
Z-axis  in  quartz  is  known  to  be  some  300 
times  greater  than  that  along  any  path  in 
the  X-Y  plane,  this  also  supports  the 
ionic  impurity  hypothesis. 

Finally,  at  any  given  temperature, 
the  amount  of  decay  varies  as  much  as 
fifty  per  cent  from  crystal  to  crystal 
for  cuts  of  the  sarca  orientation.  This 
also  seems  directly  related  to  t.ve  im¬ 
purity  concentrations  in  the  individual 
crystals. 

Data  Reduction 

A  complete  set  of  data  was  obtained 
for  twelve  distinct  cases  which  involved 
both  thickness  shear  modes  in  seven  dif¬ 
ferent  crystallographic  orientations. 
Among  the  various  ci  tr.  used  were  the  RT 
and  IT  cuts.  The  crystals  were  plano¬ 
convex  units  with  diameters  of  6.35  mm. 
and  thicknesses  ranging  . .  .m  0.18  to  0.38 
mm.  All  measurement.:  ware  made  on  the 
fundamental  over  a  temperature  range  of 
-50  to  +100°.  The  data  obtained  included 
the  temperature,  frequency,  and  amount 
and  direction  of  frequency  shift  measured 
when  the  potential  was  first  applied. 

Data  was  taken  for  both  positive  and  ne¬ 
gative  potentials,  and  the  final  results 
averaged.  All  experimental  data  was  ex¬ 
pressed  in  terms  of  right-hand  quartz. 
This  is  required  since  it  can  be  shown 
that,  for  the  model  chosen,  the  fifth- 
rank  tensor  elements  have  the  same  inagni 
tudes  but  opposite  signs  for  left  and 
right  hand  quartz.  Although  the  original 
crystals  were  an  unknown  mixture  of  left 
and  right  hand  quartz,  suitable  adjust¬ 
ments  were  made  to  the  sign  of  the  exper¬ 
imental  data  depending  on  the  polarity  of 
the  potential  measured  when  the  crystals 
used  were  subjected  to  a  longituvlin&l 
c ompres s ive  stress. 

In  all  cases,  more  than  one  crystal 
of  each  orientation  was  used.  For  the 
final  data  reduction,  because  of  scatter 
in  the  data  points  and  a  spread  of  about 
5  percent  in  the  fractional  frequency 
change  from  crystal  to  crystal  in  the 
same  group  at  the  same  temperature,  some 
data  smoothing  was  done  by  fitting  the 
experimental  data  to  a  third  order  poly¬ 


nomial.  The  resultant  smoothed  data  was 
used  as  input  for  a  non-linear  determina¬ 
tion  of  the  eight  independent  tensor  ele¬ 
ments  . 

The  final  values  determined  are 
shown  as  a  function  of  temperature  in 
Figure  7.  The  influence  of  the  third- 
order  data  smoothing  is  evident  in  this 
figure.  However,  t’e  fantastically  large 
temperature  dependence  of  the  tensor  ele¬ 
ments  is  not  a  function  of  data  smoothing. 
An  examination  of  the  original  raw  data 
indicates  that  the  linear  temperature 
coefficient  of  the  electrostatic  field 
sensitivity  approached  values  of  10,000 
ppm.  per  °C.  in  one  group  of  crystals, 
and  averaged  better  than  1000  ppm  per  °C. 
for  the  rest  of  the  crystals  measured. 

For  this  reason,  no  attempt  was  made  to 
compensate  for  the  known  variations  with 
temperature  of  the  elastic  constants, 
the  thickness,  or  the  density.  The  tem¬ 
perature  dependence  observed  is  at  least 
an  order  or  magnitude  greater  than  any¬ 
thing  previously  observed  in  quartz.  Con¬ 
sidering  all  measurement  errors  and  the 
ability  of  the  data  presented  in  Figure  7 
to  reproduce  experimental  data,  a  toler¬ 
ance  of  +  20  per  cent  must  be  placed  on 
the  values  shown. 

Conclusion 

The  large  temperature  dependence  of 
the  fifth-rank  polarizing  tensor  indicates 
that  this  is  a  property  of  quartz  which 
cannot  be  explained  in  terms  of  the  tra¬ 
ditional  properties  of  the  material.  Al¬ 
though  the  fractional  frequency  change 
per  unit  change  in  the  field  magnitude  is 
in  the  parts  in  101J  range,  con¬ 

sideration  must  be  given  to  this  effect 
if  one  is  interested  in  high  precision, 
high  stability  crystals. 

Acknowledgements 

I  wish  to  acknowledge  the  influence 
of  the  published  work  of  Dr.  Harel  Hruska 
on  tne  mcdel  and  terminology  used.  I 
wish  also  to  thank  Mr.  Don  Hammond  and 
Mr  .  A1  Benjaminsor.  of  the  Hewlett-Packard 
Laboratories  for  many  discussions  that 
led  to  the  concepts  expressed  in  this 
paper,  and  also  Mr.  Benjaminson  for  de¬ 
signing  the  test  fixture  used  in  all 
measurements . 


50 


References 


1.  J.  F.  Nye,  "Physical  Properties  of 
Crystals",  Oxford  University  Press, 
1964,  pp.  127-8. 

2.  W.  G.  Cady,  "Piezoelectricity", 
McGraw-Hill,  1946,  pp.  198-9. 

3.  K.  Brugger,  "Thermodynamic  Definition 
of  Higher  Order  Elastic  Coefficients" 
Phys.  Rev..  Vol.  133.  No.  6A.  March 
TSWTppT  A1611-2. 

4.  R.  N,  Thurston  and  K.  Brugger, 
"Third-Order  Elastic  Constants  and 
the  Velocity  of  Small  Amplitude 
Elastic  Waves  in  Homogeneously 
Stressed  Media."  Phys.  Rev..  Vol.  133, 
No.  6A,  March  1964,  pp.  A1604-10. 

5.  K.  Brugger,  "Pure  Modes  for  Elastic 
Waves  in  Crystals,"  J.  Appl.  Phys.. 

Vol .  36 ,  March  1965 ,  pp.  759-68. 

6.  R.  N,  Thurston,  H.  J.  McSkimin,  and 
P.  Andreatch,  Jr.,  "Third-Order 
Elastic  Coefficients  of  Quarts", 

J.  Appl.  Phvs,.  Vol.  37,  Jan.  1966, 
pp.  267-75. 

7.  K.  HruSka,  "The  Influence  of  an 
ElectricField  on  the  Frequency  of 
Piezoelectric  Cuts,"  Czech.  J.  Phys., 
Bll,  1961,  pp.  150-2. 

8.  K.  HruSka,  "An  Attempt  at  a  Phenomen¬ 
ological  Interpretation  of  the  In¬ 
fluence  of  a  Polarizing  Field  on 
Piezoelectric  Resonators."  Czech. 

J.  Phvs..  B12,  1962,  pp.  33lT?JT 

9.  K.  HruSka,  "Tensor  of  Polarizing 
Correction  Terms  of  Quartz  Elastic 
Coefficients."  Czech.  J.  Phys.,  B13. 
1963,  pp.  307-8. 

10.  K.  HruSka  and  L.  Janik,  "Change  in 
Elastic  Coefficients  and  Moduli  of 

-Quartz  in  an  Electric  Field," 

Czech.  J.  Phys..  B18,  1968,  pp.  112-6. 

11.  K.  HruSka  and  V.  Kazda,  "The  Polariz¬ 
ing  Tensor  of  the  Elastic  Coefficients 
and  Moduli  for  -Quartz,"  Czech.  J. 
Phys . .  B18,  1968,  pp.  500-3. 


12.  R.  P.  Grenier,  "Technique  for  Crys¬ 
tal  Resonance  Measurements  Based  on 
Phase  Detection  in  a  Transmission 
Type  Measurement  System,"  Proc . 

22nd  Annual  Symposium  on  Frequency 
Control,  1968. 

13.  C.  Adams,  J.  A.  Kusters,  and 
A.  Benjaminson,  "Measurement 
Techniques  for  Quartz  Crystals , " 
Frequency  Technology,  Vol.  6,  Aug. 
1968,  pp.  22-5. 

14.  M.  E.  Frerking,  "Vector  Voltmeter 
Crystal  Measurement  System," 

Proc.  23rd  Annual  Symposium  on 
Frequency  Control,  1969~ 

15.  C.  Kittel,  "Introduction  to  Solid 
State  Physics Wiley ,  1956,  pg.  487. 

16.  A.  Benjaminson,  private  communication 

17.  D.  Hammond,  C.  Adams,  and  L.  Cutler, 
"Precision  Crystal  Units," 

Proc.  17th  Annual  Symposium  on 
Frequency  Control.  1963. 


51 


*111  (-l/2)(8,„  ♦  8221)  8,3, 

*  Ml 

0 

0 

*221  ‘*131 

*2-1) 

0 

0 

0 

*341 

0 

0 

*441 

0 

0 

•*441 

(1/2)  (824,  -8,4,1 

(■1/2)  (8, „  ♦  822,) 

0  0  0 

0 

"*241 

(1/4 K8„,  ♦  3822,) 

0  0 

0 

'*141 

(■1/4)  (38,,,  ♦  822,! 

0 

0 

•*341 

■*131 

0 

*441 

(1/2)(»14,-»24,) 

0 

0 

0 

0  0  0 

0 

*153 

0 

0  0 

0 

•*153 

0 

0 

0 

0 

0 

0 

0 

•*153 

0 

0 

riifiire  1  -  For*  of  th«  PoWrUlng  Ten»or 

0 

—  x  10'12  METERS/VOLT 


CUT 

ORIENTATION 

At/t 

3rd  ORDER 
ELASTICITY 

HRUSKA 

CONSTANTS 

EXPERIMENTAL 

VALUES 

PHI 

THETA 

IT 

20.0 

34.2 

-1.1 

-.3 

21.8 

-4.0 

-2.7 

-8.8 

2.5 

LC 

11.3 

9.4 

-1.2 

1.6 

26.8 

-5.7 

-2.0 

-19.9 

16.7 

(MCCM/voU 


Figure  Z  *  Cooparleon  of  Theoretical  Value*  Derived  fro® 
Three  Different  Model*  with  Experimental 
Dec*  for  ThlcVnee*  Sheer  Kodee 


TEST  FIXTURE 


52 


/ 

/ 

* 

*/ 


•* 

9 

+ 

/* 

* 

* 


CONSTANT  (Seconds) 


DECAY  TIME  t  *  t0e 


30 


<55 


«r  25 


°  20 
t- 

m  15 
2 
O 
o 


u 

5 

H 

>- 

< 

O 

LJ 

Q 


10 


5F 


61 

QM9 


LCN 


3.57«V 

kT 


UPPER  VALUE 
OBSERVED 

AVERAGE 
LOWER  VALUE 
OBSERVED 


7A 


9B 


108 


0M8 


0L 

0 


15  30  ~  45  60  75 

POLAR  ANGlE  THETA  I  Degrees) 


figure  o  •  fin**  Normal  u  ing  Fa*  u»t  v-»  Polar  Orientation  Angle 


TENSOR  ELEMENTS  VS.  TEMPERATURE 


:> 


CD 

5 

\ 

i/> 

c 

o 

5 

O) 

2 


* 

"D 

M 

*0 


</) 

H 

z 

u 

5 

UJ 

_J 

UJ 

c: 

o 

in 

z 


-40  -20  0  20  40  60  80  100 

TEMPERATURE  -  Oegroes  C 

Flgur.  1  -  Final  u»tt  K*.i jk  ’ .  jii  n.vulc. 

V.lu.s  o*  'li*  Pol.fUitig  Tenmir  Elwxnt. 


54 


Xf  .  .  ~  -> 


SELECTED  TOPICS  IN  QUARTZ 
CRYSTAL  RESEARCH 

Charles  A.  Adams,  George  M,  Enslow, 
John  A.  Kusters,  and  Roger  W.  Ward 
Hewlett-Packard  Laboratories 
Palo  Alto,  California 


Two  recent  areas  of  quartz  crystal 
research  have  included  the  measurement  of 
the  temperature  coefficients  of  the  elas¬ 
tic  stiffnesses  of  quartz  and  a  study  of 
the  angular  dependence  of  the  temperature- 
frequency  behavior  of  AT  cuts . 

The  measurement  of  the  temperature 
coefficients  of  the  stiffnesses  of  quartz 
resulted  in  excellent  agreement  with 
Eechmann's  (Ref.  1)  value  for  c^.  Good 

agreement  was  seen  for  c^,  c^,  and  Cgg. 

Rather  poor  agreement  was  obtained  for 
c^j  and  Locus  lines  of  zero  temper¬ 

ature  coefficients  of  frequency  are  shown. 


The  study  of  the  angular  dependence 
of  the  temperature-frequency  behavior  of 
AT  cuts  resulted  in  experimental  frequen¬ 
cy-temperature  data  which  deviated  from  a 
third-order  curve  by  an  RMS  deviation  of 

better  than  1  part  in  10^.  A  determina¬ 
tion  was  made  of  turn- over  temperatures 
and  inflection  temperatures  versus  angle 
over  the  temperature  range  -35  to  +100°C. 
Empherical  equations  were  derived  from 
which  the  turn-over  and  inflection  temper¬ 
ature  of  an  AT  resonator  may  be  calculated. 


Part  I:  Measurement  of  the  Temperature 
Coefficients  oF  the  Elastic 
Stiffnesses  of  Quartz 

Introduction 


The  purpose  of  this  study  was  to  ac¬ 
curately  determine  the  temperature  coef¬ 
ficients  of  the  elastic  stiffnesses  of 
quartz.  The  elastic  stiffnesses  are  de¬ 
fined  in  (1)  by 


fn  =  fr^?  n- 1,3,5,-- •  d) 


to  first  approximation,  where  t  is  the 
thickness  of  the  resonator,  p  is  the  den¬ 
sity  of  quartz,  and  c  is  a  function  of  the 
six  independent  elastic  stiffnesses,  Cjj  . 

The  importance  of  this  study  lies  in  the 
fact  that  accurate  values  of  the  tempera¬ 
ture  coefficients  of  the  elastic  stiff¬ 
nesses  are  necessary  in  order  to  predict 
important  orientations  in  quartz;  i.e., 
the  RT  and  LC  cuts;  and  to  predict  the 
frequency- temperature  behavior  of  any  cut. 

Bechmann  and  associates1  made  signi¬ 
ficant  progress  in  the  specification  of 
the  temperature  coefficients  in  1962. 

Their  values  resulted  from  a  third-order 
fit  to  data  taken  over  the  temperature 
range  -196  to  +170°C,  on  a  large  number 
of  crystals  whose  accuracy  of  orienta¬ 
tion  angles  was  reported  to  be  "better 
than  10Y  for  the  angle  6  and  better  than 
5 '  for  the  angle  0  according  to  the  manu¬ 
facturer". 

Experimental  frequency- temperature 
curves  often  deviate  significantly  from 
a  third-order  curve,  especially  over  large 
temperature  ranges,  thereby  restricting 
the  accuracy  of  any  determination  of  the 
temperature  coefficients  of  frequency,  as 
defined  in  (2) 
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Data  Evaluation 


where  f  is  the  frequency  of  the  resonator 
at  the  reference  temperature  TQ,  and 

where  is  the  nc^  order  temperature 

coefficient  of  frequency  for  a  given  re¬ 
sonator.  For  this  reason  a  more  accurate 
third-order  fit  to  experimental  data 
should  result  from  taking  frequency- tem¬ 
perature  data  over  limited  temperature 
ranges .  Additional  accuracy  is  obtained 
by  knowing  accurately  che  orientation 
angles  of  the  crystals  used. 

Experimental 

In  order  to  determine  the  tempera¬ 
ture  coefficients  of  the  elastic  stiff¬ 
nesses  of  quartz  accurately,  several  crys¬ 
tal  parameters  must  be  measured  to  high 
precision.  Among  these  are:  crystal  or¬ 
ientation  angles,  resonant  frequencies, 
and  temperatures. 

Crystals 

Angular  orientation  of  a  number  of 
crystals  to  be  studied  was  performed,  us¬ 
ing  an  optical  dividing  head  and  double¬ 
crystal  refractometer  techniques,  to  an 
accuracy  of  better  than  15".  The  crystals 
were  high-frequency,  plano-convex  units 
operating  in  thickness-shear  mode.  Dia¬ 
meter-thickness  ratios  of  the  blanks 
ranged  from  20  to  40,  thereby  yielding 
quite  thin  units . 

Tempera  ture-Frequency  Meas  urement  s 

Temperature-frequency  measurements 
were  carried  out  with  the  resonators  im¬ 
mersed  in  a  temperature  controlled  oil 
bath.  Temperature  measurements  were  made 
using  a  quartz  thermometer  which  was  cali¬ 
brated  against  a  platinum  resistance 
thermometer.  Temperature  accuracy  was 
better  than  0.01°C  over  the  temperature 
range  -50  to  +100°C.  Frequency  measure¬ 
ments  were  made  on  the  units  to  an  accur- 

8 

acy  of  better  than  1  part  in  10  . 


The  raw  data,  consisting  of  a  number 
of  temperature-frequency  data  pairs  per 
crystal,  was  fit  to  a  third-order  curve 
over  the  temperature  range  -20  to  +70°C. 
The  RMS  deviation  of  the  data  from  the 
calculated  curves  ranged  from  a  few  parts 

in  10'  to  1  part  in  10 ',  with  respect  to 
the  resonant  frequency  of  the  crystals. 

The  coefficients  of  the  calculated  curve 
for  each  crystal  are  the  experimental 

values  of  the  nc  order  temperature  coef¬ 
ficients  of  frequency  for  that  crystal. 

Determination  of  the  Temperature  Coef- 
f iclents 

Knowing  the  values  of  the  orienta¬ 
tion  angles  for  the  crystals  of  this 
study,  the  components  of  the  effective 
stiffness  in  terms  of  the  elastic  stiff¬ 
nesses,  c^j,  were  determined.  The  theo¬ 
retical  value  of  the  effective  elastic 
stiffness  of  a  particular  orientation, 
however,  is  dependent  upon  an  accurate 
knowledge  of  the  thickness  of  the  crystal. 
Due  to  the  thinness  of  the  units  used, 
their  thickness  could  not  be  measured  ac¬ 
curately  enough  to  be  able  to  predice  new 
values  of  c,..  For  this  reason  the  thick¬ 
nesses  of  our  crystals  were  normalized  to 
the  thicknesses  calculated  from  Bechmann's 
stiffnesses  at  20°C.  The  effects  this  had 
upon  the  determination  of  the  new  tempera¬ 
ture  coefficients  is  discussed  later. 

Using  the  relationships  between  the 

nc  order  temperature  coefficients  of  fre¬ 
quency  and  elastic  stiffness,  the  new  tem¬ 
perature  coefficients  were  calculated. 

For  brevity,  only  the  first-order  equation 
is  shown  in  (3) 

2Tj°=  T^-T^-ST^  (3) 

where  T,f^  is  the  first-order  tempera- 

r  (i\ 

ture  coefficient  of  density,  T^  1  is 
the  first  order  temperature  coefficient 
of  the  elastic  stiffness,  and 
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T  ^  is  the  first-order  temperature  coef¬ 
ficient  of  thickness  for  quart;!.  Higher- 
order  relationships  are  given  in  Appen¬ 
dix  I. 

Table  I  gives  a  comparison  between 
the  newly  determined  temperature  coeffi¬ 
cients  and  Bechmann's  values.  Note  the 
excellent  agreement  in  the  temperature 
coefficients  for  c^,  and  the  generally 

good  agreement  in  c^,  c^,  and  The 

temperature  coefficients  for  c^^  and  c33 

show  quite  poor  agreement.  This  type  of 
behavior  is  to  be  expected.  For  example, 
c-j^  is  the  only  elastic  stiffness  which 

influences  x-cut  crystals.  As  such,  it 
is  a  well  understood  and  widely  studied 
cut.  c^,  c^,  and  are  the  elastic 

stiffnesses  which  relate  to  all  rotated 
y-cuts,  and  in  particular  the  AT  and  BT 
cuts.  These,  again,  are  widely  used  and 
rather  well  understood  cuts.  On  the  other 
hand,  relatively  few  common  crystal  cuts 
show  strong  dependence  on  c^j  and  c^j, 

making  these  stiffnesses  less  studied  and 
more  difficult  to  measure.  For  these 
reasons,  the  overall  agreement  with  Bech- 
mann  is  actually  quite  good. 

Due  to  the  accuracy  of  the  orienta¬ 
tion  of  the  crystals  studied,  the  tempera¬ 
ture  stability  and  measurement  resolution 
of  the  crystals'  environment,  the  frequen¬ 
cy  measuring  accuracy,  and  the  excellence 
of  the  third-order  fits  to  the  raw  data, 
these  new  values  for  the  temperature  coef¬ 
ficients  of  the  elastic  stiffnesses  should 
be  substantially  more  accurate  than  previ¬ 
ous  determinations . 

Locus  Lines  of  Zero  Temperature 
Coefficients  of  Frequency 

Figures  1-7  show  orthographic  projec¬ 
tions  of  the  primitacive  region  of  quartz 
with  the  locus  lines  of  zero  temperature 
coefficient  of  frequency  marked  for  the 
fast-shear,  slow  shear,  and  extentional 
modes  of  resonance,  aB  calculated  from  the 
new  values  for  the  temperature  coefficients, 
and  from  Bechmann's  values.  The  left-hand 
side  of  the  projection  represents  the  y-z 
plane  and  the  bottom  is  the  x-y 


plane.  This  provides  a  graphic  comparison 
of  the  two  sets  of  values .  Note  that 
there  is  excellent  agreement  in  the  pre¬ 
diction  of  the  general  vicinity  of  the 
zeros  of  the  temperature  coefficient  of 
frequency,  and  only  small  disagreement  be¬ 
tween  them  as  to  the  exact  location  of  the 
zero.  Orientations  for  some  of  the  crys¬ 
tals  used  in  this  study  are  indicated. 

One  point  is  of  interest- -every  tem¬ 
perature  coefficient  of  frequency  exhibits 
a  zero  value  at  0  =  60°,  9  =  23-24°.  This 
point  represents  a  singularity  in  quartz, 
as  the  gradients  of  the  temperature  coeffi¬ 
cients  of  frequency  are  very  steep  in  this 
region.  This  is  physically  related  to  the 
extentional,  fast-shear,  and  slow-shear 
modes  being  degenerate  at  that  orientation. 

Effects  of  Assuming  Bechmann's 
~  Values  for  the  c^  's 


In  order  to  determine  the  dependence 
of  the  new  temperature  coefficients  of 
stiffness  upon  Bechmann's  values  for  c^j , 

c. .  was  intentionally  increased  by  varying 
amounts.  These  "new1'  values  of  c^  were 

then  used  to  recalculate  the  temperature 
coefficients.  The  result  of  this  study 
showed  that  the  change  in  c^  with  re¬ 
spect  to  C44  was  linear  at  least  out  to 
c^  37.  larger  than  Bechmann's  value. 

From  this,  it  Is  evident  that  the  detsr- 
mination  of  the  temperature  coefficients 
of  the  stiffnesses  is  linearly  dependent 
upon  the  accuracy  to  which  the  stiffnes¬ 
ses  are  known. 

A  complete  theory  of  the  temperature 
behavior  or  quartz  is  more  complicated 
than  the  theory  considered  in  this  study. 

A  more  complete  theory  considers  also  the 
temperature  coefficients  of  the  dielec¬ 
tric  constants  and  the  piezoelectric 
stress  constants,  among  other  things. 

Such  a  consideration,  however,  increases 
the  complexity  of  the  theory  many-fold, 
to  a  point  far  beyond  the  scope  of  this 
study. 
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Part  II:  The  Frequency-Temperature 

Behavior  of  5MHz  AT  Resonators 


Introduction 

The  purpose  of  this  study  was  to 
make  very  high  precision  measurements  on 
a  group  of  AT  resonators.  High  precision 
measurements  on  three  parameters  of  the 
resonators  were  basic  to  this  study; 
angular  orientation,  frequency,  and 
temperature . 

Preparation  of  the  Resonators 

The  resonators  under  study  were 
5MHz,  5th  overtone,  plano-convex,  natural 
quartz  plates.  Their  diameter  was  15mm 
and  the  radius  of  curvature  of  the  convex 
surface  was  50.8mm.  Angular  orientation 
of  the  resonators  was  performed  on  an 
optical  dividing  head,  using  double¬ 
crystal  refractometer  techniques,  to  an 
accuracy  of  5".  It  was  decided  not  to 
polish  the  crystals  in  order  to  prevent 
any  deviations  in  the  orientation  angle 
from  occuring.  Instead,  the  crystals 
were  lightly  etched  before  final  process¬ 
ing. 

Testing  of  the  Resonators 

The  resonators  were  placed  in  a 
temperature  controlled  oil  bath  whose 
temperature  was  programmed  to  increase 
at  a  constant  rate  of  either  3.3  or 
4.2°C/hr,  depending  upon  the  particular 
resonators  under  test.  This  small  rate 
of  change  of  temperature  provided  a 
quasi-adiabatic  environment  for  the 
crystals.  The  temperature  was  monitored 
with  a  quartz  thermometer  which  was 
calibrated  against  a  platinum  resistance 
thermometer.  Resolution  was  0.1X10“  C 
with  a  maximum  error  of  5X10“ J  C  over 
the  range  -25  to  +100°C.  The  frequency 
of  the  resonators  was  measured  to  0.005Hz 
using  a  computing  counter. 

Frequency- Temperature  Data 

Figure  8  shows  a  raw  data  plot  for 
one  of  the  crystals  used  in  this  study. 
This  plot  has  had  no  smoothing--it  is 
actual  raw  data.  The  scaled  frequency 
represents  the  difference  between  the 
crystal’s  frequency  and  5MHz.  When  this 
raw  data  was  fit  by  a  third-order  curve, 
the  resulting  calculated  curve  had  an  RMS 
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deviation  from  the  raw  data  of  6  parts  in 

O 

10  with  respect  to  the  actual  frequency 
of  the  crystal.  Similar  data  was  taken 
on  a  number  of  other  crystals  with  the., 
worst  RMS  deviation  being  1  part  in  10. 
This  degree  of  accuracy  in  fitting 
frequency-temperature  data  with  a  third- 
order  equation  gives  added  credence  to 
the  idea  that  AT  cuts  are  best  represented 
by  a  third-order  theory. 

Angle  of  Cut  Versus  First-Order 
Temperature  Coefficient  of  Frequency 

The  first-order  temperature  coef¬ 
ficient  of  frequency,  as  defined  in  (2) 
for  n  *  1,  determines  the  turn-over 
temperatures  of  AT  cuts.  As  such,  it  is 
a  sensitive  indicator  of  the  precision  of 
preparation  of  a  group  of  crystals,  to  the 
extent  that  quartz  is  homogeneous.  Since 
the  angular  orientation  was  performed  or> 
the  crystals  of  this  study  to  5",  a 
measure  of  the  RMS  deviation  of  the  first- 
order  temperature  coefficients  of 
frequency  versus  angle  from  a  third-order 
curve  (Ref.  1)  should  be  a  measure  of 
how  well  the  processing  of  the  crystals 
was  done  and  of  the  uniformity  of  natural 
quartz.  Such  a  measurement  was  made, 
with  the  result  being  an  RMS  deviation  of 
8"  of  angle.  Hence,  one  must  conclude 
that,  to  within  the  limits  of  our  ability 
to  prepare  quartz  resonators ,  natural 
quartz  is  exceptionally  uniform  and 
homogeneous . 

Turn-Over  Temperatures 

Figure  9  shows  a  plot  of  the  upper 
and  lower  turn-over  temperatures  of  the 
crystals  versus  their  orientation  angles. 
The  turn-over  temperatures  were  calculated 
from  the  third-order  equations  mentioned 
earlier.  Note  the  scatter  in  the  experi¬ 
mental  points  (actually  some  points  are  2 
points  on  top  of  one  another) .  When  one 
takes  into  consideration  the  slope  of  the 
curve  at  each  data  point,  the  scatter  is 
seen  to  lie  within  a  5"  band  about  the 
calculated  curve,  indicative  of  the  angu¬ 
lar  orientation  error,  and  more  important¬ 
ly,  of  the  homogeneity  of  natural  quartz. 
The  equation  under  the  figure  is  the  em- 
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pherical  equation  of  the  calculated  curve. 
This  equation  preducts  a  value  of  0,  the 
polar  angle, 0for  any  temperature  between 
-35  and  +100  c,  which  is  accurate  to  bet¬ 
ter  than  30”.  The  minimum  of  the  curve, 
as  calculated  from  the  equation,  occurs 
at  35°  19'  9",  at  a  temperature  of  32.5°C. 
Hence,  the  data  predicts  that  for  AT  crys¬ 
tals  of  the  type  used  in  this  study,  or¬ 
iented  at  an  angle  below  35°  19',  there 
will  be  no  turn-over  in  the  frequency- 
temperature  behavior  of  the  crystal. 

Inflexion  Ten  iratures 

The  inflection  temperatures  of  the 
curves  are  plotted  against  angle  in  Fig¬ 
ure  10.  The  slope  of  the  line  is  18.6°C/ 
degree  of  angle,  which  agrees  well  with 
similar  slopes  calculated  from  graphs 
published  by  Bechmann  (Ref.  1)  and  Chi, 
(Ref.  3)  and  with  the  slope  as  calculated 
from  the  angular  dependence  of  the  temper¬ 
ature  coefficients  of  frequency  of  AT  cuts. 

Conclusions 


In  conclusion,  the  results  of  this 
study  have  1)  verified  the  third-order 
behavior  of  AT  resonators  to  within  an 

7 

RMS  value  of  better  than  1  part  in  10  , 

2)  provided  a  means  of  predicting  the 
turn-over  temperature  for  any  precisely 
oriented  AT  5MHz  resonator,  and  3)  deter¬ 
mined  an  analytical  expression  for  the 
inflection  temperature  of  the  crystals, 
while  at  the  same  time  providing  further 
evidence  of  the  homogeneity  of  natural 
quartz . 

Note; 


It  should  be  pointed  out  that  the  in¬ 
formation  presented  here  is  only  exactly 
applicable  to  crystals  having  the  same 
physical  characteristics  as  the  ones  in 
this  study;  i.e.,  same  diameter,  thick¬ 
ness,  contour,  etc.  However,  the  informa¬ 
tion  should  be  of  use  in  predicting  the 
general  behavior  of  any  AT  resonator. 

Appendix  I 

Relationships  between  the  tempera¬ 
ture  coefficients  of  frequency  and  the 


temperature  coefficients  of  thickness, 
stiffness,  and  density: 

2tTf2l~  2  Cl/0)2 ]  =  Tc2)--l£2)-2T?) 

4[rt'))2-(T/S',)2-2(T^)2] 

2jj{3)-2T{2Vf  °+  3(t{  0}3]  =  tJ.3-T^3-2tJ3) 

-[TM-TfrW-erW^] 

+  i[C4V-(4))3-2(T^)3] 


Where  Tp  =-(2 ax+az),  ax  and  a2 
are  the  expansion  coefficients. 


Appendix  II 

To  determine  the  temperature  coef¬ 
ficients  of  the  stiffnesses,  it  is  neces¬ 
sary  to  assign  values  to  the  density,  di¬ 
electric  constant,  etc.,  of  quartz.  In 
this  study,  the  following  values,  taken 
from  Bechmann  (Ref.  1)  were  used: 

Piezoelectric  stress  constants: 

e„  «  0.171  C/m2 

e(4=  0.0403  C/m2 


Dielectric  constants: 

€,J  =  *22t  =  39.97  x  IO",2F/m 
T=  -0-76 
«„T=  41.03 

*33S-«33T  »  0 


59 


Coefficients  of  thermal  expansion: 

=  a 2 2  =  13.71  x  I0"8/°C 
^33-  7.48 

«fjf»  =  6.5  x  I0-9/  (°C) 2 
ctg  =  2.9 

of’'  =  ocg  *  -1.9  x  IO",2/f°C)  s 
«33=  -1.5 
Density: 
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p  =  2.65  «  l03Nm“4S2 


Temperature  coefficients  of  density: 


-34.92  X  ICT6/°C 


tJ,2)=-i5.9x;o-9/(°c)2 


tJ!)=  5.30  x  IO-,2/(°C)  3 
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TEMPERATURE  COEFFICIENTS  OF  THE  STIFFNESSES  OF  QUARTZ 


CD(109N/M2) 

A(10'e/°C) 

B(I0'9/°C2) 

C(10‘12/°C3) 

cn 

BECHMANN 

87.49 

-48.5 

-107 

-70 

NEW 

-49.6 

-107 

-74 

C13 

BECHMANN 

11.91 

-550 

-1150 

-750 

NEW 

-651 

-1021 

-240 

C33 

BECHMANN 

107.2 

-160 

-275 

-250 

NEW 

-192 

-162 

67 

c14 

BECHMANN 

-18.09 

101 

-48 

-590 

NEW 

89 

-19 

-521 

C44 

BECHMANN 

57.98 

-177 

-216 

-216 

NEW 

-172 

-261 

-194 

C66 

BECHMANN 

40.63 

178 

118 

21 

NEW 

167 

i64 

29 

Table  Z:  A  comparison  between  Beckmann's  temperature  coefficients  of  the 
elastic  stiffnesses  of  quartz  and  the  newly  determined  values. 
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DEFECTS  AND  FREQUENCY 
MODE  PATTERNS  IN  QUARTZ  PLATES 


E.  W.  Hearn  &  G.  H.  Schwuttke 
International  Business  Machines  Corporation 
East  Fishkill  Laboratories 
Hopewell  Junction,  New  York  12533 


Summary 

Internal  defects  in  quartz  plates  and  their 
influence  on  the  resonance  vibrations  of  A,  T. 
cuts  are  investigated.  Crystal  defects  and  fre¬ 
quency  mode  patterns  arc  displayed  through 
x-ray  topography  while  the  5  MC  frequency  do¬ 
main  of  the  A.  T.  cut  plates  is  explored  through 
frequency  spectrum  analysis.  Investigation  of  12 
different  oscillators  showing  varying  amounts  of 
crystal  defects  are  correlated  with  the  frequency 
spectrum  of  the  plates.  A  definite  relation  be¬ 
tween  the  number  of  peaks  in  the  spectrum  of  the 
oscillator  and  the  defect  concentration  in  the 
plate  is  established.  The  highest  number  of 
peaks  is  observed  for  the  "perfect"  quart/,  plate. 

Introduction 


Spencer  and  co-workera  have  measured  the 
acoustic  loss  in  natural-5  and  synthetic  A.  T.  cut 
plates  and  have  attempted  a  correlation  with  the 
crystallographic  defect  density  in  the  plate.  The 
Q  of  the  5  MC  oscillator  was  measured  by  the  log¬ 
arithmic  decrement  technique  and  the  defect  den¬ 
sity  was  determined  by  the  x-ray  topography 
technique.  For  natural  quartz  plates  they  arrived 
at  the  conclusion  that  no  correlation  exists,^  and 
for  synthetic  plates  they  found  a  somewhat  quali¬ 
tative  correspondence  between  defect  density  and 
Q  measurements.  ^  Published  work  on  this  sub- 
ject  indicates  ’  that  there  seems  to  be  some  kind 
of  influence  of  crystal  defects  on  the  oscillating 
efficiency  of  a  resonator,  but  this  influence  is  net 
clear  cut  and  a  precise  correlation  between  defect 
density  and  oscillator  efficiency  cannot  be  estab¬ 
lished. 


The  purpose  of  this  paper  is  to  relate 
quartz  crystal  perfection  to  oscillator  efficiency. 
This  is  done  by  observing  the  effects  of  crystal¬ 
lographic  defects  in  quartz  on  the  frequency 
spectra.  X-ray  diffraction  topography  displays 
first  the  perfection  of  the  quartz  plate  and  then 
records  the  modes  of  oscillation  of  the  plate  at 
various  frequencies  in  the  spectra.  Through  this 
sequence  a  correlation  is  established  between 
defects  and  oscillator  efficiency. 

The  crystal  structure  of  quartz  is  more 
complicated  than  the  simple  diamond  structure  of 
silicon.  Consequently,  a  much  larger  variety  of 
crystal  defects  is  expected  in  quartz  compared 
to  silicon.  This  expectation  has  been  confirmed 
by  the  x-ray  topography  work  of  Lang  and 
Miuscov,  1  They  have  shown  that  defects  in  natu¬ 
ral  quartz,  such  as  dislocations  and  two  dimen¬ 
sional  "sheet  defects"  or  'fault  surfaces"  are 
quite  common.  A  typical  example  of  such  a  fault 
is  shown  in  Fig.  1. 

A  recent  study  of  defects  in  synthetic 
quartz  by  Spencer  and  Haruta^  is  also  based  on 
x-ray  topographic  display  of  quartz  defects. 

They  observe  "line  defects"  as  the  predominant 
faults  in  synthetic  quartz  through  the  use  of  high 
resolution  topography.  Lang  and  Miuscov*  iden¬ 
tified  these  "line  defects"  as  dislocations.  An 
example  of  dislocations  in  synthetic  quartz  is 
shown  in  Fig.  2. 


In  our  investigations  we  approached  the 
problem  in  the  following  way:  12  commercially 
manufactured  doubly  beveled  natural  quartz  oscil¬ 
lators,  A.  T.  cuts,  at  5  MC  were  selected. 
Examples  of  the  crystal  perfection  of  these 
12  oscillators  are  displayed  in  Fig.  3.  A 
variety  of  standard  defects  found  commonly  in 
natural  quartz,  such  as  the  two  dimensional  fault 
planes--stacking  fault  type--are  characteristic 
for  all  12  plates.  The  topographs  are  recorded  at 
room  temperature.  The  crystals  are  mounted  on 
the  top  .graphic  camera  as  received  from  the  ven¬ 
dor;  however,  the  caps  are  removed  for  topog¬ 
raphy.  The  topographs  display  also  the  metal¬ 
lurgy  and  the  holder  as  seen  at  two  positions 
around  the  periphery  as  a  shadow. 

For  every  quartz  plate  we  explored  the  5 
MC  frequency  domain  through  the  use  of  frequency 
spectrum  analysis.  Typical  examples  of  such 
frequency  spectra  showing  the  A.  C.  rectified 
impedance  vs.  frequency  are  shown  in  Figs.  4  A 
and  4  B.  We  observe  the  fundamental  mode  at  5 
MC  and  in  addition  a  number  of  anharmonic  modes. 
Note  that  the  oscillators  shown  in  Figs.  4  A  and 
4  B  have  a  different  number  of  modes.  The  num¬ 
ber  of  modes  of  the  sample  shown  in  Fig.  4  A  is 
36  and  in  Fig.  4  B  is  34. 

For  every  single  mode  vibration  visible  in 
the  frequency  spectrum,  we  recorded  the  corres¬ 
ponding  x-ray  topograph,  even  the  small  peaks 


result  in  good  topographs.  In  other  words,  the 
oscillating  quartz  crystal  was  topographed  at 
every  single  frequency  displayed  in  the  spectrum, 
thus  the  actual  vibrational  pattern  of  the  quartz 
plate  was  recorded  and  correlated  with  the  fre¬ 
quency  spectrum.  An  example  is  shown  in  Fig. 

5.  This  figure  shows  the  topograph  of  the  non¬ 
oscillating  crystal  at  the  top  and  all  the  possible 
vibrational  states  of  this  A.  T.  cut  crystal  in  its 
frequency  domain.  The  electrical  vibrational 
states  are  evidently  characterized  by  a  charac¬ 
teristic  number  of  mechanically  vibrational  plate 
modes.  For  instance,  the  fundamental  mode  is 
singular,  while  all  the  other  satellite  frequencies 
display  a  characteristic  pattern  of  their  own. 

For  example,  the  131  mode  is  indicated  as  num¬ 
ber  4  in  Fig.  5  and  the  113  mode  is  number  6  in 
Fig.  5.  While  in  the  131  mode  the  first  number 
"1"  refers  to  the  n‘"  odd  harmonic  number  of  the 
crystal,  the  second  number  "3"  refers  to  the 
number  of  anti  nodes  in  the  X2  direction  and  the 
last  number  "1"  refers  to  the  number  of  anti 
nodes  in  the  Xj  direction.  X^  is  the  vertical 
direction  through  the  crystal  and  Xj  is  the  hori¬ 
zontal  direction  through  the  crystal.  Figure  6 
shows  an  enlargement  of  the  131  mode. 

According  to  the  number  of  vibrational 
states  visible  in  the  topograph,  the  frequency 
domain  can  be  organized  into  a  matrix.  This  is 
shown  in  Fig.  7.  The  numbers  on  the  horizontal 
axis  of  this  matrix  correspond  to  the  number  of 
anti  nodes  that  appear  in  the  x-ray  topograph  in 
the  Xj  direction  of  the  crystal  while  the  ordinate 
of  the  matrix  is  formed  by  the  number  of  anti 
nodes  in  the  X2  direction  of  the  crystal.  The 
even  row  marked  "rare"  occurred  only  one  time 
in  the  12  crystals  investigated.  Each  matrix 
element  designates  the  number  of  plate- modes 
characteristic  for  a  particular  '"“qucncy  domain 
of  the  A.  T.  cut.  It  follow  „ie  number  of 
matrix  elements  is  identic  •’  >  itii  the  number  of 
frequency  peaks  in  'he  frequency  domain  of  the 
oscillator.  Thci  mre  the  matrix  describes 
uniquely  all  pi,  ~3ible  frequency  levels  of  the  oscil¬ 
lator.  ^ 


-  1  >ve  measured  the  number  of  matrix 
elements  or  each  single  A.  T,  cut  using  frequency 
analysis  and  :e-ray  topography.  Two  examples  of 
a  matrix  for  individual  crystals  are  shown  in 
Figs.  8  A  and  8  B.  In  the  V.F. -7  matrix  each 
element  box  having  a  number  corresponds  to  a 
certain  frequency  of  the  spectrum  and  each  num¬ 
ber  in  the  element  box  is  the  number  of  dark 
areas,  or  anti  nodes,  in  the  topograph  in  all 
directions.  Figure  9  is  an  enlargement  of  pattern 
number  27  from  Fig.  5.  Although  it  is  complica¬ 
ted  by  mode  coupling,  it  follows  from  its  matrix 
position  that  it  !s  the  177  mode. 


Based  on  these  measurements,  we  have 
ordered  the  12  oscillators  into  a  group  shown  in 
Fig.  10.  It  is  seen  that  the  A.  T.  cut  with  the 
highest  number  of  matrix  elements  is  the  first 
plate  in  the  group  and  the  plate  with  the  lowest 
number  of  matrix  elements  is  the  last  plate  in  the 
group.  The  number  at  the  left  side  of  each  topo¬ 
graph  shown  in  Fig.  10,  is  the  number  of  peaks  in 
the  corresponding  spectrum. 

The  quality  as  determined  by  the  crystal¬ 
lographic  defect  density  of  the  oscillators  goes 
from  best  to  worst  and,  correspondingly,  the 
number  of  frequency  peaks  in  each  spectrum  goes 
from  maximum  to  minimum.  This  then  would 
indicate  that  the  perfection  of  the  crystalline  oscil¬ 
lator  can  be  correlated  with  the  number  of  peaks 
in  its  spectrum. 

Spencer  et  al  have  reported  a  correlation 
in  "Q"  measured  by  the  logarithmic  decrement 
technique  as  a  function  of  defect  density  in  syn¬ 
thetic  quartz.^  However,  they  report  no  notice¬ 
able  correlation  in  natural  quartz.^  We  have 
ordered  the  oscillator  plates  according  to  their 
"Q"  as  measured  by  the  logarithmic  decrement 
technique  and  again  related  this  to  the  perfection 
of  the  plates  as  seen  in  the  topographs.  This 
group  is  shown  in  Fig.  11.  The  corresponding 
"Q"  values  arc  given  in  Fig.  12.  This  group  is 
ordered  by  decreasing  relative  "Q"  values  as 
measured  by  the  log  decrement  method  going  from 
best  to  worst.  Generally,  this  now  follows  a 
similar  pattern  as  shown  in  Fig.  10.  However, 
we  observe  some  interesting  exceptions.  The 
most  notable  one  is  that  of  V.  F.  -  12.  V.  F.  - 12  is 
the  most  perfect  of  all  the  crystals  topographed. 

It  also  has  the  highest  number  of  peaks  in  its 
spectrum;  however,  the  "Q'1  value  is  quite  iow. 

One  can  also  notice  in  the.*.opograph  that  the  edge 
of  the  crystal  is  cracked/jff.  In  addition,  the 
number  of  thickness  fringes  due  to  beveling  is 
greater  than  in  other  crystals.  On  the  other  hand, 
the  spectrum  of  V.F. ,>5  has  the  lowest  number  of 
frequency  peaks  and/  in  good  agreement,  an 
extremely  low  relative  Q,  and  the  highest  defect 
density.  Similar  observations  can  be  reported 
for  other  "misfits"  in  comparing  the  frequency 
spectra  and  the  logarithmic  decrement  measure¬ 
ments.  This  suggests  then  that  the  frequency 
peak  measurc.ment  is  a  very  sensitive  measure  of 
the  crystal  perfection,  while  the  logarithmic 
decrement  values  are  also  influenced  by  variables 
due  to  the  manufacturing  process. 


In  synthetic  crystals--specifically  the  ones 
investigated  by  Spencer  et  al^--the  dislocation 
density  is  the  overriding  factor;  therefore,  Spencer 
et  al^  find  a  correlation  between  the  logarithmic 
decrement  technique  and  the  crystal  perfection. 
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Contrary,  Spencer's  natural  crystals^  are  much 
more  perfect  than  his  synthetic  crystals,  there¬ 
fore,  the  logarithmic  decrement  Q  measurements 
are  influenced  by  the  manufacturing  conditions 
and  no  correlation  is  found.  5 

One  interesting  aspect  of  the  frequency 
peak  measurements  is  that  it  can  be  used  to  moni¬ 
tor  or  control  manufacturing  variables.  Once  the 
frequency  peak  numbers  are  put  into  matrix  form, 
the  manufacturing  parameters  can  be  monitored 
to  see  if  they  preferentially  affect  the  matrix  in 
any  way. 

It  is  also  possible  to  predict  the  mode  to 
be  observed  on  the  topograph  as  well  as  the  gen¬ 
erating  frequency  by  merely  filling  in  the  missing 
elements  of  the  matrix. 

Summary 

The  spectra  technique  as  presented  in  this 
paper  seems  to  be  capable  of  serving  as  a  guide  in 
evaluating  the  performance  of  A.  T.  cut  oscillators 
as  determined  by  their  crystallographic  perfec¬ 
tion.  Good  correlation  between  "oscillator  effi¬ 
ciency"  and  crystal  perfection  has  been  achieved 
for  12  A.  T.  cut  natural  quartz  plates.  However, 
more  detailed  measurements  of  quartz  plates  arc 
required  to  further  substantiate  these  findings. 
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Grouping  o(  12  unit*  according  to  O  value  measured  b\  the  log 
decrement  method  in  decreasing  order  of  reUtive  Q 


Fig.  12*  Q  valQes  »»  determined  by  the  log  decrement  method. 
The  measurements  were  made  in  atr. 


Frequency  fMlU. ) 

1'  cay  Ti~i 

4. 99 #78? 

5.4 

5. 000083 

5.  5 

4.971*751 

4.9 

4.99780S 

4.9 

4. 996979 

4.6 

4.999948 

4.4 

4. 999651 

5.9 

4  999572 

5.7 

4. 99  #925 

5.2 

4.059124 

5.  2 

4.999959 

l  7 

4.  *9«o2> 

1.0 

REVIEW  OP  DIGITAL  FILTERING 
John  D.  Heightley 

Bell  Telephone  Laboratories,  Incorporated 
Murray  Hill,  New  Jersey 


Summary 

In  general,  digital  filtering  embodies  a 
wide  range  of  signal  processing  and  signal 
analyzing  applications  but  this  paper  is  con¬ 
cerned  with  the  more  conventional  filtering 
requirements  of  frequency  selection  and  rejection. 
Some  of  the  principles  involved  in  digital 
filtering  are  discussed  from  an  intuitive  point 
of  view  rather  than  in  terms  of  the  well- 
established  mathematical  treatments. ^->2,3  The 
form  of  a  general  second  order  filter  section  is 
established  using  this  intuitive  approach  and 
the  extension  to  higher  order  filters  is 
discussed. 


Introduction 


where  s  is  the  complex  variable  o  +  Ju>.  The 
operations  performed  here  obviously  have  some 
spectral  shaping  effect  on  the  input  signal  and 
the  transfer  function  of  this  filter  will  be: 


E  (s) 

KM  =  -  1  +  «i*-ST  *  V2CT* 


(3) 


If  we  wish  to  have  this  transfer  function  reject 
an  input  signal,  of  frequency,  to  ,  then  we  simply 
set  the  magnitude  of  (3)  equal  to  zero  with  s 
replaced  by  Ja^.  Solving  for  and  or£  we  find 

cc^  =  -2  cos  oyr  (4) 


Conventional  analog  filters  employ  in¬ 
ductors,  capacitors,  resistors  and  crystals  in 
their  realization  while  digital  filters  employ 
multipliers,,  adders  and  storage  (delay)  in  their 
realization.  The  coefficients  associated  with 
the  transfer  function  of  a  digital  filter  are 
numerical  inputs  to  the  multipliers  and  are  thus 
not  sensitive  to  component  variations.  Since 
the  transfer  function  of  a  digital  filter  is 
determined  numerically  rather  than  through  the 
use  of  physical  elements,  certain  restrictions 
on  realizability  are  removed  and  the  charac¬ 
teristics  of  the  filter  are  easily  modified. 

How  Is  Filtering  Accomplished  Digitally? 

This  question  is  essentially  equivalent  to 
asking  how  the  three  operations  of  multiplication 
(scaling),  addition  (linearly  combining)  and 
storage  (delay)  may  be  combined  to  perform  fre¬ 
quency  selection  and  rejection.  Consider  the 
case  where  these  operations  are  performed  on  a 
continuous  analog  input  signal,  e1(t),  to  obtain 
an  output  signal,  eQ(t),  in  the  following  manner: 

eQ(t)  «  e^t)  +  alei(t-T)  +  ^(t-OT).  (l) 

We  have  restricted  ourselves  to  delays  of  either 
one  unit  (T)  or  two  units  (2T),  since  a  larger 
number  of  delayed  inputs  may  be  treated  by 
repeatedly  applying  the  same  process.  The 
Laplace  transform  of  the  above  output  signal  may 
be  written  by  inspection: 


“g  =  1.  (5) 

It  is  this  concept  of  linearly  combining  a  numoer 
of  appropriately  scaled  and  delayed  replicas  of 
an  input  waveform  which  is  at  the  heart  of  the 
nonrecurslve  digital  filter.  In  order  to  convert 
the  above  analog  filtering  operation  to  a  digital 
filtering  operation,  the  input  waveform  is 
sampled  periodically,  at  a  rate  at  least  twice 
as  high  as  the  highest  frequency  present  in  that 
waveform,  and  the  sample  values  converted  to  a 
linear  digital  code  (number).  The  Indicated 
operations  may  then  be  done  numerically. 

In  digital  filters,  the  sample  interval  and 
the  delay  interval  are  the  same  so  that  in  a 
digital  realization,  (l)  becomes: 

e*(nT)  =  e*(nT)  +  c^e^nT-T)  +  a2e*(nT-2T)  (6) 

where  nT  is  a  particular  sample  time.  The 
asterisk  is  intended  to  indicate  that  these  ore 
digitally  coded  amplitude  samples.  The  coded 
somples  are  easily  scaled  by  digitally  multi¬ 
plying  the  delayed  samples  by  the  coefficients 
and  the  linear  combination  is  performed  by  simply 
adding  the  scaled  values.  The  delay  is  realized 
by  storing  the  coded  samples.  A  digital  filter 
which  will  realize  (6)  is  shown  in  Fig.  1. 

Normally  we  are  not  only  interested  in 
having  zeros  in  the  transfer  function  but  also 
poles.  If  we  had  a  transfer  function  which  had 
the  form  of  the  reciprocal  of  (3),  we  would 
achieve  a  pole  and  thus  resonant  behavior,  i.e., 


E0(s)  =  Ei(s) 


1  +  Oje"sT  +  a2e"2sT 


(2) 


H(s) 


E0(s> 


1  + 


+  ggC- 


■2sT 


(7) 
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This  function  will  have  infinite  gain  at  <np  if 


Ex(s)  =  E1(s)HI)(s) 


*L  = 


■2  cos 


E0(s)  =  Ex(8)Hjj(s). 


Po  -1- 


From  the  resulta  in  (6)  and  (10),  it  follows 
that 


We  may  rewrite  (7) 


£0(s)  =  E^s)  -  Eq(s) 


-6T 


-2eT 

2 


(8) 


The  inverse  Laplace  transform  of  (8)  iG  hy 
inspection: 


eQ(t)  =  ejL(t)  -  ^eo(t-T)  -  P2eo(t-2T).  (9) 


The  output  is  therefore  a  linear  combination  of 
the  input  and  scaled  versions  of  the  output  which 
have  been  delayed  by  one  unit  of  time  (T)  and 
two  units  of  time  (2T) .  A  filter  with  infinite 
gain  at  its  resonant  frequency  is  an  oscillator 
and  if  this  is  to  be  avoided,  we  must  insert  some 
loss  in  the  feedback  paths  of  the  delayed  output. 
Let  us  assume  that  the  feedback  waveforms  are 
scaled  further  by  a  factor  e”^1  for  each  unit  of 
delay  where  cff  >  0,  i.e.. 


-2e-cff  cos  <uT 


P2  ->  e 


■2  dT 


This  is  equivalent  to  moving  the  poles  into  the 
left  half  of  the  s-plane. 

We  may  rewrite  (9)  when  the  voltages  are 
represented  by  a  digital  code  at  each  sample 
Instant  as  was  done  with  (6)  to  give: 


e*(nT)  =  e*(nT)  -  pJeQ(nT-T)  -  ^eo(nT-2T). 

(10) 


Tills  filter  function  may  be  realized  as  shown 
in  Fig.  2. 

Consider  next  the  case  where  we  wish  to 
realize  a  general  second  order  section  having 
two  zeros  and  two  poles,  i.e.. 


e*(nT)  =  e*(nT) 
e*(r.T)  =  ex(nT) 


+ 


P^e*(nT-T)  -  £2e*(nT-2T) 


(12) 

0^e*(nT-T)  +  C^e*(nT-2T) . 

(13) 


Only  two  storage  locations  are  required  to 
implement  t.he6e  equations  rather  than  the  four 
which  would  result  from  combining  the  filters 
of  Fig.  1  and  Fig.  2.  A  digital  realization  of 
the  second  order  filter  described  by  (12)  and 
(13)  is  shown  ir.  Fig.  3-  Higher  order  filters 
may  be  realized  by  cascading  or  paralleling 
sections  of  the  form  shown  in  Fig.  3*  One 
additional  multiplier  is  required  for  scaling 
the  output  of  the  filter  in  order  to  control  the 
gain  of  the  filter  independent  of  the  pole  and 
zero  locations. 

An  important  point  to  note  is  that  the 
processing  portion  of  the  filter  is  only  in  use 
when  an  input  sample  is  present.  If  the  input 
signals  are  low  frequency  and  thus  the  sampling 
rate  low,  there  may  be  idle  periods  between 
samples  during  which  the  processing  equipment 
may  be  used  to  process  a  number  of  additional 
input  sample  streams  which  are  time  division 
multiplexed.  Two  words  of  storage  are  required 
for  each  sample  stream  being  processed.  Note 
also  that  the  coefficients  may  be  changed  for 
the  processing  of  each  sample  stream  so  that 
many  different  filters  may  be  realized  simul¬ 
taneously  with  a  single  processor.  A  cascade  of 
filter  sections  may  be  realized  in  the  same 
fashion  by  storing  the  output  associated  with 
one  section  as  it  is  generated  cr.d  feeding  that 
stored  output  back  as  input  in  the  next  sample 
interval  with  the  coefficients  changed  to 
represent  the  second  section.  This  process  may 
proceed  through  as  many  sections  as  required.  In 
both  of  these  applications,  if  variable  co¬ 
efficients  ore  required,  the  coefficients  may  be 
stored  in  a  read-only  memory  and  read  out  at  the 
required  time.  This  multiplexing  of  sample  streams 
through  a  single  set  of  processing  elements  is 
illustrated  in  Fig.  h. 


H( 


1  +  Oje“BT  +  ot,e‘2sT 


s)  =  Hjj(s)Hjj(o)  =  . 


(11) 


The  total  number  of  storage  locations  may  be 
reduced  if  we  generate  an  intermediate  result 
which  is  due  only  to  the  denominator  of  (11), 
i.e.. 


Impairments 

There  arc  three  primary  sources  of  im¬ 
pairment  associated  with  digital  filtering  which 
are:  (l)  signal  quantizing  noise,  (2)  filter 
roundoff  noise  and  (3)  coefficient  quantizing. 
Signal  quantizing  noise  arises  because  the  con¬ 
tinuous  range  of  sampled  signal  amplitudes  must 
be  coded  digitally  using  a  finite  number  of 
quantized  levels.  This  means  the  level  repre¬ 
sented  by  the  code  may  differ  slightly  from  the 
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actual  level  thus  generating  noise.  Roundoff 
noise  results  when  an  N-bit  sample  is  scaled 
by  an  M-bit  coefficient  if  the  storage  word 
length  is  only  N-bits.  The  M+N  bit  product 
cannot  be  stored  and  must  be  rounded  off  30  that 
the  stored  value  is  slightly  in  error,  thus 
causing  noise  to  be  generated.  Both  quantizing 
noise  and  roundoff  noise  are  held  to  acceptable 
levels  by  providing  enough  bits  to  do  adequate 
coding  and  to  absorb  the  roundoff  noise  in  the 
filter.  The  third  impairment  results  from  the 
fact  that  the  coefficients  in  a  digital  filter 
are  also  quantized.  Coefficient  quantizing 
leads  to  a  quantization  of  the  pole  and  zero 
locations.  This  means  that  if  a  limited  number 
of  bits  are  used  to  represent  the  coefficients, 
we  can  only  approximate  the  desired  locations  of 
the  singularities.  The  number  of  bits  used  to 
represent  the  coefficients  muse  be  adequate  to 
meet  the  requirements  on  the  transfer  function. 
Once  the  coefficients  are  fixed  for  the  filter, 
however,  the  transfer  function  will  remain  fixed. 

Applications 

With  the  continuing  advance  in  complexity, 
density,  and  performance  of  digital  integrated 
circuits  and,  at  the  same  time,  decreasing  cost, 
it  appears  inevitable  that  digital  filtering 
will  take  over  some  of  the  functions  now  per¬ 
formed  by  analog  filters.  In  applications  where 
high  order  filters  ere  required  or  where  a 
number  of  individual  channels  are  to  be  filtered 
and  the  frequency  is  not  excessive,  a  single 
processor  may  serve  many  sample  streams  and  thus 
be  shared  by  many  filters.  In  these  cases,  only 
the  storage  elements  are  provided  for  each  sample 
stream  and  these  elements  stand  to  gain  the  most 
from  the  integrated  circuit  technology  because 
they  are  realized  as  orderly  arrays. 

There  are  also  applications  such  as  very 
low  frequency  filtering  whi^h  were  not  feasible 
with  analog  filters  that  con  be  performed  quite 
readixy  with  digital  filters. 

In  conclusion  then,  the  stability  and 
flexibility  of  digital  filtering  techniques, 
combined  with  the  rapidly  moving  integrated 
circuit  technology,  will  make  it  possible  to 
not  only  take  over  many  analog  filtering 
applications  but  to  extend  the  meaning  of  the 
term  filtering  to  processing  applications  not 
possible  before. 
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Summary 

Active  filters  are  best  made  as  a 
cascade  of  simple  sections.  Each  section 
has  a  specified  center  frequency,  Q,  and 
two  transfer  zeros. 

This  paper  discusses  the  practical 
circuit  design  of  the  most  useful  sec¬ 
tions.  Sections  using  unity-gain  ampli¬ 
fiers  can  realize  LP  and  HP  filters  having 
pole  Q's  of  10  at  low  frequencies  to  a 
limit  of  Q“1  at  about  1  MHz.  A  Sallen 
and  Key  section  gives  BP  filters  over  the 
same  range  of  Q  and  frequency.  The  dual 
integrator  resonator  can  realize  high  Q 
filters  of  any  type  with  Qn200  to  above 
100  KHz. 

Also  discussed  are  frequency 
stability,  thermal  coefficients,  and  cer¬ 
tain  elements  of  size  and  cost. 


Introduction 

Design  formulas  are  given  for  nor¬ 
malized  active  resonators.  The  gain 
function  of  each  resonator  has  one  pair 
of  complex  conjugate  poles: 

S  -  -  <r  ±  5  co  {D 


The  normalized  resonators  all  have 
CJq~  1  ,  and  the  RC  element  values  are 
given  in  ohms  and  farads.  A  practical 
design  is  then  obtained  by  denormalizing 
the  resonator  with  frequency  and  imped¬ 
ance  scaling.  This  is  done  by  multiply¬ 
ing  all  resistances  in  the  network  by 
Kx  ,  and  dividing  all  capacitances  by 
xrr-fo  Kx  ,  where  is  the  desired 
center  frequency,  and  Kx  is  a  freely 
chosen  impedance  factor. 

Thermal  coefficients  are  calculated 
from  a  knowledge  of  the  sensitivities. 1 
As  an  example  of  this,  suppose  a  resona¬ 
tor  has  a  sensitivity  of  Q  to  R)  of  0.2, 
and  let  the  thermal  coefficient  of  Rj 
be  -100  ppm/°C: 


(TC)p,  =  -tOOf>prK/°C 


Then  Ri  contributes  to  the  thermal 
coefficient  of  Q  as  follows: 

(rc)^  =  (o.i')(-ioopp™/°c') 

-  -1.0  ppm-(°C 


The  design  formulas  are  expressed  in 
terms  of  the  pole  Q  and  the  pole  center 
frequency: 


cOQ  -  /(S^+co7" 

zz  "pole  center  frequency"  (2) 


The  algebraic  sum  of  all  such  contribu¬ 
tions  will  give  the  net  thermal  coe.Tfi- 
cient  of  Q. 

Throughout  this  paper,  A  will 
represent  the  clo3ed-loop  amplifier  gain, 
and  A0  the  open-loop  gain. 


=  "pole  Q"  (3) 

If  the  Q  is  5  or  more,  these  definitions 
correspond  quite  accurately  to  the  fre¬ 
quency  of  maximum  gain,  and  to  the  ratio 
of  center  frequency  to  half-power  band¬ 
width,  respectively. 


Resonators  Made  with  Voltage  Followers 

Figure  1  shows  two  resonators  that 
are  very  useful  in  simple  LP  and  HP 
filters,  such  as  Butterworth  and  Chebyshev 
types.  In  both  circuits, 
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where  X  may  be  any  of  the  four  passive 
elements . 


In  the  lowpass  filter, 


In  the  highpass  filter, 
rQ  _  rO  _  i_  \ 

sQ  =  S*  =  o 


(6) 


calculate  X  from  a  knowledge  of  the 


gain: 

Case  I:  A  is  given 


X  = 


/  iYt-SQ-A'lQ* 
4-fl-A)Q 


(7) 


and  the  Q  is  not  realizable  unless 


(3) 


Case  II: 
Then 


A<>  is  given 
Ao 


A  = 


Ao  +  ^ 


(9) 


and  the  Q  is  not  realizable  unless 

Ao  =  SQ*-  I  (11) 


In  Case  I ,  the  gain  information  may  be 
given  as  in  Figure  2.  This  is  the 


FIGURE  1:  Voltage  Follower  Resonators 


The  numbers  shown  in  the  figures  give 
the  correct  design  on  the  assumption  that 
A  =  J  .  In  this  case,  Q=  X  .  On  the 
other  hand ,  A  will  always  be  slightly 
less  than  unity,  and  this  requires  us  to 
modify  the  design  formulas.  Instead  of 
identifying  Q  with  %  ,  we  will  therefore 


IOO 


10 


\ 


IK 

FIGURE  2: 
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LM-102  Frequency  Response 
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frequency  response  of  a  voltage  follower  .  crP~  A 

made  with  an  operational  amplifier  which  n  —  ~  dim 

was  especially  designed  for  this  type  of  _ 

service.  The  maximum  value  of  realizable  Rl“  * 

Q  is  also  shown  on  the  graph  as  a  function 

of  frequency.  R'2k=  4-.2.3S- 


If  some  other  amplifier  is  used, 
then  the  open-loop  gain  (with  phase  com¬ 
pensation  networks  in  place)  can  be 
obtained  directly  from  the  manufacturer's 
catalog,  or  measured.  The  formulas  of 
Case  II  are  then  used,  and  the  available 
Q  is  shown  in  Figure  3. 


C, 


O,  SOOZ. 
<3 


CiL  = 


0.1121 

Q 


(13) 


FIGURE  3:  Available  Q 


The  sensitivity  of  Q  to  the  nominal 
gain  i3  2.Q2-  ,  which  3eems  very  high. 
But,  if  we  calculate  the  sensitivity  to 
the  open-loop  gain,  we  obtain 


(12) 


The  worst  figure  obtainable  here 
occurs  when  Ea.  (11)  applies.  The  sensi¬ 
tivity  is  then  equal  to  1/4,  and  will  be 
better  than  this  if  excess  gain  is  avail¬ 
able. 


A  Bandpass  Resonator 

Figure  4  shows  a  useful  BP  resonator, 
originally  given  by  Sallen  and  Key.  The 
element  values  may  be  chosen  as  follows: 


FIGURE  4: 

A  BP 

Resonator 

The  sensitivities  are 

cn 
n  e 

0 

II 

f 

Z 

for  Q.II  Z. 

1 

$/\  ~ 

~  Z 

= 

5Ci=-0.°S-3 

c«  = 

<3 

S  c, 

—  +■  O.OS'  3 

1 

S»  - 

z 

(14) 
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The  Q  of  this  resonator  is  also 
severely  gain  limited,  and  the  available 
Q  is  given,  approximately,  by  Figure  3. 
One  must  keep  in  mind,  however,  that  the 
center  frequency  will  drift  with  about 
half  the  percentage  change  of  the  gain, 
so  that  additional  open-loop  gain  may  be 
needed  for  enough  stability. 


The  Dual  Integrator  Resonator 

Figure  5  shows  one  form  of  the  dual 
integrator  circuit.  Complete  design 
information  on  this  circuit  has  been  given 
by  several  authors,1"^  and  the  reader 
is  referred  to  them  for  details. 


The  remarkable  success  of  thi3  cir¬ 
cuit  is  due  to  the  way  in  which  the  inte¬ 
grators  contribute  to  the  total  gain.  So 
far  as  is  presently  known,  all  low  sensi¬ 
tivity  circuits  require  gajn  proportional 
to  Q2  ,  and  this  circuit  is  no  excep¬ 
tion.  What  is  exceptional  here  is  that 
the  gain  is  factored  into  two  amplifiers 
without,  at  the  same  time,  causing  any 
problems  with  feedback  stability.  This 
means  that  low  sensitivities  are  obtained 
when  each  amplifier  has  an  open  loop  gain 
of  about  5Q>  .  The  available  Q  is  shown 
in  Figure  6,  which  shows  that  values 
greater  than  100  are  readily  obtainable. 

At  present  this  is  the  only  known  method 
of  obtaining  high  Q  with  high  stability. 

The  degree  of  stability  that  can  be 
obtained  is  very  high  indeed.  At  Westing- 
house,  we  recently  made  an  experiment 
with  a  resonator  of  this  type  which  had  a 
Q  of  160  at  7.5  KHz.  The  cento"  fre¬ 
quency  was  compensated  by  using  components 
with  inverse  thermal  coefficients.  After 
compensation,  a  temperature  test  showed 
that  the  total  drift  (not  the  thermal 
coefficient)  was  within  +  100  ppm  of  the 
mean  value  from  -35C  to  +105C.  This  is 
better  than  can  be  obtained  with  a  quartz 
crystal  resonator  at  this  frequency. 


FIGURE  6:  Available  Q 


Recently,  the  upper  frequency  limit 
for  high  Q  in  this  circuit  was  moved 
from  2  KHz  to  100  KKz.  In  order  to  see 
how  this  enormous  improvement  came  about, 
consider  the  problem  cf  designing  phase 
compensating  networks  for  the  integrator 
amplifiers.  Because  a  capacitor  connects 
the  output  to  the  input,  the  textbook 
reasoning  went  as  follows:  Since  the 
feedback  approaches  100$  at  high  fre¬ 
quencies,  we  must  use  the  network  that  is 
needed  for  voltage  follower  sei'vice. 

With  this  network  in  place,  the  open  loop 
gain  of  a  709  or  702  amplifier  crosses 
the  60  dB  point  around  1  or  2  KHz,  so  this 
is  the  upper  frequency  limit  for  a  Q  of 
200. 


Last  year  at  the  Bell  Telephone 
Laboratories  in  Holmdel,  New  Jersey,  it 
was  discovered  that  this  reasoning  is 
entirely  wrong.  In  fact,  the  integrator 
i.'.  feedback  stable  with  light  lag  compen¬ 
sation  that  would  be  totally  inadequate 
for  a  voltage  follower. While  space  for¬ 
bids  giving  the  complete  rationale  of  this 
discovery  here,  we  show  the  compensation 
networks,  for  the  yu-A709  and  yu-A702  ampli¬ 
fiers,  in  Figure  7.  These  permit  the  709 
to  be  used  without  problems  to  20  KHz, 
and  the  702  to  100  KHz.  Pin  numbers  are 
for  the  TO-99  case. 
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Conclusions 


47  p/ 


Practical  design  data  has  been  given 
which,  together  with  the  information  in 
the  references,  enables  design  of  high  Q 
active  filters  to  100  KHz.  For  moderate 
Q  values,  the  resonators  using  only  one 
amplifier  can  effect  considerable  cost 
savings . 
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GENERALIZED  FILTER £  USING  ULSTRASONIC 


WAVES 


By 


M.  G.  Holland 
Raytheon  Research  Division 


Interdlgltal  electrodes  on  piezoelectric  sub¬ 
strates  are  used  to  generate  surface  ultrasonic 
waves.  The  equivalent  acoustic  circuit  of  these 
structures  can  be  trated  as  a  series  combination 
of  resonant  elements  which  are  electrically  con¬ 
nected  in  parallel.  By  adjusting  the  spacing 
and  size  of  the  electrode  elements,  the  frequen¬ 
cy  response  (phase  and  amplitude)  of  the  units 
can  be  controlled.  It  is  possible  to  combine 
electrodes  in  such  a  way  that  many  filter  func¬ 
tions  can  be  synthesized.  Matched  chirp  filters 
have  been  previously  reported,  and  units  such  as 
bandpass  filters,  transversal  equalizers  and 
Taylor  weighting  filters  have  been  made.  Com¬ 
puter  derived  responce  curves  will  be  compared 
to  experimental  results  on  these  devices,  and 
the  Fourier  transform  property  of  the  structures 
will  be  demonstrated. 


Bandwidth  and  frequency  limitations,  mask  design 
and  fabrication,  photolithograph  problems,  pro¬ 
perties  of  various  subetrate  materials,  and  com¬ 
patibility  with  other  integrated  circuit  elements 
will  be  discussed.  The  future  development  po¬ 
tential  of  this  field  will  be  assessed. 
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MONOLITHIC  CRYSTAL  FILTERS 


by 

R.  J.  Byrne 

Bell  Telephone  Laboratories,  Inc . 
Allentown,  Pennsylvania 


Introduction 


Since  the  ii  iction  of  monolithic 
crystal  filters  (MCF's)  in  1966,1  a  number 
of  such  devices  have  been  used  in  Bell  System 
applications.  Most  of  these  are  two-pole 
devices  used  as  single  frequency  band  pass 
filters  whose  frequency,  temperature  and 
aging  tolerances  are  well  within  the  present 
state-of-the-art  for  crystal  units.  The 
advantages  of  MCF's  in  terms  of  size,  cost, 
high  reliability  and  reduced  quartz  usage 
led  to  the  development  of  a  channel  bank 
system  at  8  MHz  using  monolithic  crystal 
filters.  Although  channel  filters  represent 
a  much  larger  application,  the  requirement, 
are  much  more  stringent  and  are  more  closely 
related  to  precision  crystal  units.  The 
mechanical  design  and  the  processing  operations 
necessary  to  produce  high  frequency  channel 
filters,  in  very  large  quantities  and  at  a 
reasonable  cost,  were  reviewed  and  attempts  * 
were  made  to  take  full  advantage  of  batch 
processing  techniques  widely  used  in  other 
modern  planar  device  designs. 

Telephone  channel  banks  are  used  to 
assemble  individual  voice  channels  into 
groups  for  subsequent  transmission  over  various 
wire  and  radio  systems.  Presently  twelve 
individual  voice  channels,  each  •*  kHz  wide,  are 
assembled  into  an  Internationally  agreed  group 
between  60  and  108  kHz  as  shown  in  Fig.  1. 

In  the  Bell  System  the  channel  filters  use  four 
"E"  element  crystal  units  in  a  lattice  structure 
with  additional  capacitors  and  inductors.  The 
new  MCF  system  was  designed  so  that  the  basic 
channel  group  would  be  located  between  8.1b0 
and  8.188  MHz,  Fig.  1.  This  frequency  was 
selected  because  it  is  high  enough  to  avoid 
the  problems  of  the  lower  end  of  the  AT  range, 
uses  a  plate  of  reasonable  size  and  the  resonator 
Q  necessary  to  realize  the  desired  filter 
characteristic  is  readily  attainable.  After  the 
group  is  formed  it  is  translated  to  the  60-108 
kHz  range  in  a  second  modulation  step. 


Compatability  of  the  new  channel  bank  with 
the  present  one  requires  that  the  same  absolute 
tolerances  be  held  at  8  MHz  as  at  80  kHz,  a 
change  from  parts  in  10**  at  the  low  frequency 
to  parts  in  10°  at  the  new  channel  frequencies 
but  with  the  advantage  of  the  12  filters  being 
nearly  identical. 


Figure  2  shows  the  size  comparison  of 
the  present  filter  with  its  four  low  frequency 
crystal  units  and  associated  circuitry  and 
the  MCF.  The  generally  "planar"  nature  of 
the  MCF  is  apparent  as  well  as  the  lower 
number  of  components  and  interconnections. 
Unlike  the  low  frequency  crystal  filters 
where  the  quartz  plate  dimensions  vary  by 
two  to  one  “over  the  twelve  channel  range  of 
60  to  108  kHz,  the  plate  and  array  dimension 
of  each  of  the  twelve  MCF  channel  filters 
are  identical.  This  lends  itself  to  automat¬ 
ically  controlled  batch  operations  compared 
to  the  one  at  a  time  methods  used  in  existing 
devices. 


Filter  Design 

The  general  filter  design  process  used  at 
Bell  Laboratories  is  illustrated  in  Fig.  3. 

From  the  system  requirements ,  the  number  of 
poles  necessary  for  adequate  band  edge  slope 
are  determined  and  the  resonator  Q's  attain¬ 
able  at  the  desired  frequency  are  estimated. 

Using  an  insertion  loss  synthesis  technique2 
the  critical  frequencies  of  the  filter  are 
determined  and  related  through  the  equivalent 
circuit  to  resonator  tuning  frequencies  and 
inter-resonator  couplings.  The  plate  dimensions 
and  electrode  sizes  are  selected  by  the  designer 
to  provide  the  required  termination  impedance 
and  anharmonic  suppression.  The  resonator 
spacings  are  determined  using  an  analysis  of 
the  piezoelectric  equations^  and  interactive 
computer  programming.  The  resonator  tuning 
frequencies  that  are  computed  take  into  account 
the  effect  of  adjacent  resonators  on  the  measured 
frequency  of  an  individual  resonator.  This 
effect  can  be  relatively  large,  running  as  much 
as  k0-50  parts  per  million  in  the  8  MHz  design. 
With  these  array  dimensions ,  the  necessary 
masks  are  obtained  and  filters  are  fabricated. 

The  desired  filter  characteristic  for 
the  channel  bank  application  is  illustrated 
in  Figure  •».  It  is  realized  using  an  8-pole 
Chebyshev  design  with  a  .1  db  ripple  and  a  3  db 
bandwidth  of  3260  Hz.  fc  is  the  channel  carrier 
frequency.  The  tolerances  shown  at  various 
frequencies  across  the  band  are  the  allowable 
variations.  These  variations  must  include 
those  of  initial  adjustment,  temperature  varia¬ 
tion  from  10-50°C,  and  20  year  aging.  The  most 
critical  requirements  are  those  at  the  lower 
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end  of  the  passband,  between  200  and  600  Hz 
above  the  carrier  frequency  where  this  filter 
must  be  compatible  with  equalizers  installed  in 
existing  plant.  Translating  the  loss  require¬ 
ments  to  a  frequency  scale,  the  lower  3  db  point 
must  be  held  within  ±  25  Hz  or  ±  3  parts  per 
million  for  all  causes.  Out  of  band,  there  must 
be  no  responses  within  250  kHz  of  the  passband 
stronger  than  -60  db.  For  this  filter  design, 
resonator  Q's  of  approximately  200,000  are 
required. 

The  8-pole  MCF  has  a  monotonic  loss  charac¬ 
teristic  while  the  present  filter  is  a  peak 
section  design.  The  loss  shapes  are  shown  in 
Fig.  5*  While  the  MCF  characteristic  is  not 
quite  as  steep  as  the  peak  section  design, 
interchannel  noise  suppression  of  the  MCF  is 
more  than  adequate  to  achieve  the  current 
objectives.  For  this  application,  the  plate  is 
cut  in  two  after  mounting  and  a  capacitor  is 
used  to  couple  the  two  middle  resonators.  This 
guarantees  adequate  suppression  of  unwanted  modes 
and  eliminates  some  variation  in  the  loos  in  the 
skirt  region  that  otherwise  occurs  in  high  order 
MCF's  on  a  single  plate  due  most  probably  to 
unwanted  propagating  mode3.  The  mechanical  design 
is  such  that  processing  is  the  same  whether'  or  not 
the  plate  is  cut. 

Assembly  Process 

The  manufacturing  process  and  the  tolerances 
allowed  at  each  step  are  governed  principly  by 
the  inter-resonator  couplings.  The  objective 
is  to  achieve  the  calculated  couplings  at  the 
same  time  that  the  resonators  are  tuned  to  the 
proper  frequencies  so  that  the  correct  set  of 
natural  frequencies  are  obtained  when  the  unit 
is  connected  in  a  filter  configuration.  The 
couplings  depend  mainly  on  the  resonator  spac- 
ings  and  the  plateback  and  to  a  lesser  extent 
on  the  manner  in  which  the  electrode  mass  is 
distributed.  The  accumulated  tolerances  on  each 
of  those  must,  be  small  enough  so  that  the  cou¬ 
plings  will  be  within  adjustment  range  which  is 
approximately  10?.  For  our  present  geometry 
using  the  equivalent  circuit,  it  can  be  shown 
that  for  a  worst  case,  such  as  all  couplings 
being  either  high  or  low,  the  couplings  must  be 
held  to  i  2?. 

The  assembly  process.  Fig.  6,  begins  with 
the  quartz  plate.  It  is  1.35"  lorg  by  .Mo"  wide 
and  i3  cut  from  r-face  grown  synthetic  quartz. 

The  plate  is  oriented  for  lowest  frequency  varia¬ 
tion  between  JO  and  50°C  and  this  orientation  is 
held  to  i  1*  over  all  the  plate.  The  parallelism 
of  the  plate  is  a  critical  point,  since  varia¬ 
tions  of  thickness  along  the  coupling  direction 
cause  variations  in  the  inter-resonator  coupling. 
At  the  present  time,  this  is  held  to  8  u  inches 
or  less ,  resulting  in  an  uncertainty  in  the  inter¬ 
resonator  coupling  of  about  6 %  depending  on  the 
location  of  the  resonators  on  the  plate.  The  end 


etch  frequency  is  held  to  ±  1  kHz,  adding 
another  1/2  to  1 %  uncertainty  in  the  coupling. 
The  process  used  to  produce  these  plates  is 
described  in  the  next  paper  at  this  meeting. ** 

The  electrode  array  is  vapor  deposited  on 
the  quartz  plate  using  masks  held  to  tolerances 
of  .0001"  on  the  resonator  spacings,  the  most 
critical  dimensions.  The  film  is  either 
chromium-copper-gold  or  chromium-gold  depend¬ 
ing  on  the  mounting  method  to  be  used.  96? 
to  96%  of  the  total  mass  needed  to  bring 
the  resonators  to  frequency  is  applied  in  this 
operation  using  quartz  crystal  monitors  for 
thickness  control.  A  very  even  distribution 
of  mass  is  insured  by  using  rotating  crystal 
holders.  The  total  plateback  of  this  design 
is  approximately  250  kHz  or  3.1?. 

Until  very  recently,  the  plated  quartz 
wafers  were  solder  mounted  to  leads  riveted 
to  a  ceramic  plate.  Fig.  7.  The  ceramic 
is ’an  inexpensive  mounting  platform  that 
permits  easy  handling  through  subsequent 
operations  and  prevents  any  strain  resulting 
from  the  final  cold  weld  sealing  operation 
being  transmitted  to  the  quartz  plate.  The 
quartz  plate  is  accurately  located  with  respect 
to  the  ceramic  platform  so  that  all  of  the 
resonators  on  the  plate  can  be  properly  posi¬ 
tioned  in  subsequent  operation  by  positioning 
the  ceramic  platform. 

With  sixteen  leads  being  attached  to  the 
quartz  plate,  it  is  difficult  to  attain  the 
"strain-free"  mounting  condition  and  low  con¬ 
tamination  levels  necessary  for  very  low  long 
term  aging.  A  thermocompression  bonded  design 
is  now  being  introduced,  Fig.  8,  that  will 
permit  high  temperature  cleaning  and  strain 
relief  operations. 5  The  leads  are  first 
bonded  to  the  quartz  plate,  eight  leads  at  a 
time,  then  formed  as  shown,  and  finally  bonded 
to  a  ceramic  substrate  in  one  operation. 

These  operations  are  relatively  free  of  opera¬ 
tor  control  and  appear  to  be  suitable  to  a 
higher  degree  of  mechanization  than  could  be 
achieved  with  soldering  techniques. 

The  resonator  frequencies  are  adjusted 
by  evaporated  gold.  A  collimated  beam  of 
evaporant  is  directed  by  suitable  masking  to 
each  individual  resonator  while  the  frequency 
is  measured.  The  adjustment  spot  is  centered 
and  approximately  80?  of  the  area  of  the  indi¬ 
vidual  resonators  to  keep  the  effect  on  inter¬ 
resonator  coupling  as  small  as  possible.  The 
resonators  are  adjusted  to  frequencies  slightly 
higher  (about  1.5  kHz)  than  those  required 
when  the  filter  is  finished.  This  leaves  room 
for  the  frequency  changes  that  will  occur  when 
the  inter-resonator  couplings  are  adjusted. 
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Until  recently,  the  coupling  adjustment  has  been 
made  by  adding  mass  between  the  resonators.  Mass 
removal  works  just  as  effectively  and  a  laser 
machining  facility  to  perform  this  operation  is 
now  in  use. 6  Since  a  vacuum  is  not  required, 
mechanization  and  automatic  control  of  the 
facility  is  simpler  as  well  as  less  costly.  An 
additional  stripe  of  electrode  material  is  depos¬ 
ited  during  base  plating  between  the  resonators 
and  designed  as  part  of  the  resonant  structure 
of  the  initial  array,  iiemoving  a  bit  of  this 
stripe  with  a  laser  raises  the  cut-off  frequency 
in  the  inter-resonator  area,  thereby  reducing  the 
coupling.  With  the  present  array  dimensions ,  the 
adjustment  range  is  10*  and  the  accuracy  is  on 
the  order  of  1/2? . 

The  individual  resonators  are  readjusted, 
again  using  vapor  deposition.  Since  our  frequency 
location  requirement  for  this  filter  is  not  on  the 
mid-band  frequency,  but  on  the  location  of  a 
specific  loss  level  on  the  skirt,  the  lower  3  db 
point,  the  accumulated  error  in  couplings,  resona¬ 
tor  tunings  and  resonator  Q's  make  it  unlikely 
that  acceptable  filters  could  be  made  using 
resonator  frequency  tunings  along.  The  resonators 
are  left  slightly  high  in  frequency  so  that 
after  this  operation  the  filter  characteristic 
has  the  proper  bandwidth  and  ripple  characteris¬ 
tics,  but  is  located  50-100  Hz  high  in  frequency. 

At  this  point,  a  coupling  capacitor  is 
installed,  the  required  internal  connections  are 
made,  and  the  assembly  is  mounted  on  a  suitable 
header,  Figure  9-  Final  cleaning  operations  are 
done,  limited  to  standard  solvents  and  low  temper¬ 
atures  (125°C)  for  soldered  units  and  higher 
temperatures  (b00°C)  stress  relief  and  cleaning 
processes  for  thermocompression  bonded  assemblies. 

The  final  adjustment  operation  involves 
adjustment  of  all  resonators  at  once  by  vapor 
deposition  of  gold  to  shift  the  entire  filter 
characteristic  to  the  des  ired  frequency.  The 
adjustment  areas  amount  to  about  1/2  the  individ¬ 
ual  resonator  areas,  and  is  limited  to  less  than 
150  Hz.  Another  paper  at  this  meeting  describes 
the  measurement  technique  used  to  control  this 
operation. 7  The  accuracy  of  this  adjustment  is 
better  than  0.5  ppm.  A  cover  is  then  cold  weld 
sealed  to  the  header  and  the  device  is  complete. 

Results 

A  few  hundred  of  these  filters  have  now  been 
fabricated  with  excellent  results.  The  skirt 
regions  are  extremely  uniform  as  shown  in  ^ig.  10. 
The  average  compares  very  closely  with  the 
calculated  characteristic  and  the  standard  devia¬ 
tion  is  small.  The  skewness  of  the  band  edges 
is  felt  to  be  due  to  stray  capacitance  in  the 
measurement  fixtures  and  in  any  e\ent  is  not 
important  in  this  case. 


The  inband  results  are  equally  good,  as 
seen  in  Fig.  11.  The  agreement  between  the 
measured  values  and  that  predicted  by  the 
equivalent  circuit  are  on  the  order  of  .05  db. 

The  standard  deviations  are  approximately  .1  db 
at  either  end  of  the  band  and  less  than  .05  db 
in  the  center. 

Aging  is  a  problem  with  solder  mounted 
units,  being  on  the  order  of  2-b  parts  per 
million  in  the  first  three  months.  It  is 
believed  that  this  is  mainly  a  contamination 
problem  that  can  be  reduced  somewhat  by  more 
careful  attention  to  the  assembly  process  and 
virtually  eliminated  by  utilizing  thermo¬ 
compression  bonds  and  high  temperature  processes. 

In  summary,  successful  8-pole  MCF's  at 
8  MHz  meeting  channel  filter  requirements 
have  been  made.  These  units  are  compatible 
with  planar  batch  fabrication  techniques  which 
should  result  in  low  cost  in  high  level  produc¬ 
tion.  Thermocompression  bonding  has  been  used 
to  reduce  aging  and  frequency  shifts  due  to 
contamination.  When  additional  out-of-band 
suppression  is  required  the  plate  may  be  cut 
without  any  change  in  process  steps.  The  use 
of  thin  film  processes  and  TO  bonding  permits 
full  advantage  to  be  taken  of  the  inherent 
stability  of  the  quartz  to  provide  high  Q, 
precision  filters. 
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DESIGN  PROCEDURE  FOR  MCF’S 


FICt'kE  y  MCf  Dc«un  Procedure* 


8  POIE  CHARACTERISTIC 
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ATTENUATION  (dB) 


CHANNEL  FILTER 
CHARACTERISTIC 


FREQUENCY  (kHi) 


Fll.l’RF  *  H1«»t  '1v»l  t»  rerun- *  4»n  •«  *f  »  ‘Wr*1  *<«rV  lilius 


PROCESSING  STEPS  FOR  MONOLITHIC  CRYSTAL  FILTERS 


PICUI  »  ttr  st«!» 
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ATTENUATION  MB) 


£FC  FtfOW  F  (kHt) 


FICIRC  10  Aver**?  »  .rt  $<st»iar4  Deviation  cf  i«  NCF  Filters  Out ■ol-Mpd 
ChirutfusiS*  * 


Fc  5  I  15  2  25  5  35 

AF  FROM  Fe  (kHz) 

FlCl/ftf  II  A'cra**  4i>0  StanJata  Deviation  >1  HOF  Filter*  Inband 
OMurtetlitltl 
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PREPARATION  CF  QUAKE  CRYSTAL  PLATTS  FOR 
MONOLITHIC  CRYSTAL  FILTERS 

by 

A.  J.  Miller 

Bell  Telephone  Laboratories,  Inc. 
Allentown,  Pennsylvania 


Introduction 

The  previous  paper1  has  shown  the  design  and 
performance  of  Monolithic  Channel  Bank  Filters 
(Fig.  l).  In  my  presentation  I  will  concentrate 
on  important  details  pertinent  to  processing 
crystal  plates  for  these  filters. 

It  is  apparent  that  the  unusually  strict 
requirements  the  filter  has  to  meet  will  in  turn 
place  unusually  strict  requirements  on  the  crystal 
plate.  The  principle  requirements  put  on  the 
crystal  plate  can  be  summarized  as  follows: 

Of  the  eight  resonators  on  one  plate 

A.  The  frequencies  must  be  almost  identical. 

B.  The  frequency  variations  over  the  temper¬ 
ature  range  must  be  small  and  uniform. 

C.  The  Q-values  must  be  high  and  rather 
identical. 

D.  The  Q-variations  over  the  temperature 
range  must  be  avoided  or  minimized. 

Quite  obviously  these  requirements  can  be  met 
only  if  crystal  plates  are  very  parallel,  the 
crystallographic  orientation  angle  is  optimum  and 
deviations  ore  Kept  to  minimum,  the  major  surfaces 
are  smooth  and  uniform  in  texture,  and  the  effects 
of  unwanted  flexure  modes  are  adequately 
controlled. 

Specific  Requirements  and  Process  Sequences 

Fig.  2  shows  the  important  dimensions  of  the 
AT-cut  plate  and  specific  requirements.  The 
length  along  ZZ'  is  determined  by  the  number  of 
resonators,  and  the  dimensions  of  electrodes  and 
spaclngs.  For  economical  reasons  the  width  is 
kept  as  small  as  practical,  guided  by  basic  rules 
to  avoid  couplings  to  flexure  type  modes  . 

The  nominal  frequency  is  at  8. It  MHz,  The 
tolerance  of  the  AT-cut  orientution  is  ±  1  minute 
of  arc.  Note  at  this  point  that  the  English 
measurement  system  i3  preferred  throughout  this 
paper  simply  because  a  frequency  change  of  1  kHz 
at  8  MHz  is  Identical  to  a  thickness  change  of  1  pi 
inch.  The  frequency  variations,  or  the  error  of 
parallel lrra  over  the  entire  plate  must  be  less  than 
8  kHz  or  8  pi  inches.  This  is  measured  at  three 
points  as  indicated  in  the  figure. 


Figure  3  shows  two  process  seqj  sees,  and 
approximate  thicknesses  and  freaue •  tes  at  each 
respective  process  step.  Mainly  '  •  ause  of  dif¬ 
ficulties  in  preserving  the  AT-cu  r dentation 
within  the  acoustically  active  a  <  (roughly  the 
area  provided  for  electrodes)  the  ' '.sting 
standard  process  sequence  was  nc  satisfactory. 

In  this  sequence  the  thickness  w.r,  reduced 
entirely  by  double  face  lapping,  -  .at  is  from  both 
sides  at  the  same  time.  Thir  ’  -.  _ed  to  the  modi¬ 
fied  process  sequence.  The  muin  difference  is 
that  the  thickness  is  now  reduced  almost  entirely 
by  single  face  grinding,  that  _s  from  one  side 
only,  while  crystal  plates  are  mounted  firmly  onto 
a  backing  plate  minimizing  ar\  angle  variation. 

By  changing  from  double  fa:e  lapping  to 
single  face  grinding  we  avo- j,  or  reduce,  angle 
variations,  but,  unfortunate. y,  we  pay  with  paral¬ 
lelism.  This  means  that  with  single  face  grinding 
alone,  the  yield  in  obtaining  very  parallel  plates 
would  be  rather  low.  Therefore,  we  could  not 
neglect  double  face  lapping.  In  fact  it  is  still 
the  only  economical  technique  capable  of  producing 
very  parallel  crystal  plates.  Two  steps  of  double 
face  lapping  are  still  needed.  The  basic  step 
before  single  face  grinding  removes  irregularities 
in  thickness  and  surftce  damage  from  the  cutting 
step.  A  minimum  of  .00*  inches  was  found  to  be 
sufficient  for  that.  Tho  final  step  is  to 
equalize  errors  in  parallelism  from  the  single 
face  grinding,  and,  of  course,  to  be  able  to  apply 
radio  receiver  control  during  lapping. 

For  this  final  lapping  step  the  thickness 
reduction  of  ».001  inch  may  be  considered  a  com¬ 
promise  because  it  is  a  minimum  to  equalize  errors 
in  parallelism  from  single  face  grinding,  and  a 
maximum  to  avoid  AT-cut  angle  variations.  With 
this  modified  process  sequence  under  control,  the 
only  X-ray  angle  test  necessary  comes  after  the 
basic  double  face  lapping  step  with  the  reading 
made  at  the  center  of  the  plate  only. 

Orient lng-Cutting-Trimmlng 

The  R-face  cultured  quartz  (See  Fig.  •*)  re¬ 
cently  developed  by  Western  Electric  Co. ^  has 
proven  to  be  satisfactory  in  both  economy  and 
quality.  Filters  made  uf  natural  quartz  and  R-fn-'c- 
quartz  were  fully  identical,  within  the  limits  of 
the  present  experiment.  These  two  drawings  show 
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briefly  the  principles  in  orienting,  cutting  and 
trimming.  Cutting  the  oriented  blocks  into 
crystal  plates  is  done  be  a  raultibiade  gangsaw. 
Because  abrasives  do  the  actual  cutting,  the 
crystal  plates  have  little  surface  damage.  The 
present  yield  in  meeting  the  required  tolerance  of 
±  1  minute  of  arc  about  the  nominal  AT-cut  angle 
is  greater  than  80$.  Trimming  crystal  plates  to 
the  final  length  and  width  dimension  is  done  after 
basic  double  face  lapping  because  the  subsequent 
process  steps  produce  no  significant  edge  damage. 

Single  Face  Grinding 

Single  face  grinding  is  subdivided  into  ce¬ 
menting,  pressing,  calibrating,  diamond  and  abra¬ 
sive  grinding  (See  Fig.  5)*  7p  to  80  plates  may 
be  cemented  onto  one  backing  plate.  The  backing 
plate  is  serrated  to  allow  excessive  cement  and 
unwanted  particles  to  flow  off.  Figure  6  shows  an 
alignment  fixture  placed  over  a  backing  plate. 

This  fixture  simplifies  and  speeds  up  proper  loca¬ 
ting  of  crystal  plates  during  cementing.  After 
cementing,  the  alignment  fixture  is  removed  and 
crystal  plates  are  pressed  onto  the  backing  plate 
during  cooling.  The  minimum  pressure  per  crystal 
plate  is  approximately  two  pounds.  Six  boron  car¬ 
bide  tipped  pins  screwed  into  the  backing  plate 
have  to  be  adjusted  to  extend  above  the  top  sur¬ 
face  so  that  the  grinding  action  is  stopped  when¬ 
ever  the  thickness  of  the  crystal  plates  during 
grinding  reaches  this  preset  height.  The  height  is 
determined  by  the  frequency  requirements  after 
single  face  grinding.  Despite  the  hardness  of 
boron  carbide,  naturally  the  grinding  action  is 
not  stopped  at  this  point,  but  rather  retarded. 

The  retardation,  however,  is  sufficient  to  allow 
good  thickness  control. 

The  results  of  one  grinding  load  after  single 
face  grinding  are  shown  on  Fig.  7.  This  load  con¬ 
sists  of  72  crystal  plates.  The  numbers  with  a 
plu3  sign  represent  frequency  differences  in  kHz 
from  plate  to  plate  as  measured  at  the  center  of 
each  plate.  Differences  are  recorded  in  reference 
to  the  thickest  plate,  the  one  with  the  lowest 
frequency  which  is  here  7^26  kHz.  It  can  be  seen 
that  only  a  slight  wedge,  amounting  to  about  UO  kHz 
is  apparent.  These  results  are  plotted  in  the 
histogram  at  the  lower  left  hand  corner.  Note, 
that  the  requirement  at  this  point  is  ±  200  kHz 
about  7*3  MHz.  The  other  numbers  represent  the 
error  of  parallelism  in  kHz  as  measured  at  three 
points  along  the  length  of  each  crystal  plate. 

This  error  may  be  attributed  to  uneveness  of  the 
cement  layer  between  crystal  plate  and  backing 
plate.  These  results  are  statistically  shown  in 
the  right  hand  corner.  The  requirement  here  calls 
for  80  kHz  maximum. 

Parallelism  and  Double  Face  Lapping 

The  basic  requirement  that  the  frequencies  of 
the  eight  resonators  be  nearly  identical  requires 
that  the  major  surfaces  of  the  plate  be  very  paral¬ 
lel.  This  is  achieved  by  double  face  lapping. 

Planetary  lapping  machines  can  be  divided  in¬ 


to  those  having  two  and  those  having  four  motions 
(See  Fig.  8).  The  two  motions  are,  of  course,  the 
rotation  of  each  carrier  around  its  own  axis  and 
the  counterclockwise  revolution  of  all  carriers 
between  two  ring-shaied  laps.  The  two  additional 
motions  are  the  clockwise  rotation  of  the  upper 
lap  and  the  counterclockwise  rotation  of  the  lowei 
lap.  Both  types  of  machines  are  capable  of  pro¬ 
ducing  the  required  parallelism  provided  the  two 
laps  remain  very  flat  and  the  crystal  plates  are 
transposed  frequently. 

After  experimenting  with  several  macnines, 
we  chose  a  four  motion  machine  for  our  work  because 
(l)  the  laps  maintain  their  flatness  for  a  longer 
time,  (2)  more  crystal  plates  could  be  loaded  into 
each  blue  steel  carrier  (the  layout  of  such  a  car¬ 
rier  is  shown  in  the  lower  right  figure),  (3)  there 
was  less  breakage  and  edge  damage,  and  (k)  there 
were  significantly  less  orientation  angle  changes 
during  lapping.  The  main  reason  for  these  advant¬ 
ages  is  obviously  based  to  a  large  extent  on  the 
opposing  lap  rotation  which  reduces  or  even  equal¬ 
izes  unwanted  forces  applied  to  crystal  plates  end 
carriers,  forces  which  are  in  turn  applied  to  the 
laps.  Because  of  their  uniform  particle  size  dis¬ 
tribution  microgrnded  aluminum  oxide  abrasives 
were  found  to  add  to  the  high  degree  of  parallelism 
achieved.  The  histogram  in  the  lower  left  corner 
of  the  figures  shows  characteristic  res'ilts  of  this 
process.  From  several  machine  loads  (about  200 
plates)  over  90$  meet  the  8  kHz  or  8  u  inch  paral¬ 
lelism  requirement. 

AT-Cut  Angle  Variations 

The  effect  of  AT-cut  angle  variations  on  fre¬ 
quency-temperature  characteristic  of  filters  is 
shown  on  results  of  five  crystal  plates  (See  Fig.  9\ 
The  frequency  of  each  one  of  the  eight  resonators 
on  each  plate  was  individually  measured  over  the 
temperature  range.  Subsequently  the  AT-cut  angle 
was  measured  at  each  one  of  the  areas  covered  by  a 
pair  of  electrodes.  It  can  be  seen  thai  the  fre¬ 
quency  deviations  agree  quite  well  with  what  one 
would  expect  the  AT-cut  angle  to  be  for  such  a  res¬ 
pective  deviation.  The  parallelism  on  these  plates 
is  better  than  6  kHz,  and  only  2  kHz  on  plate  "E". 
This  plate  shows  the  largest  angle  deviations  of 
all  and  represents  a  worst  case  condition.  In 
spite  of  almost  perfect  parallelism,  the  AT-cut 
angle  varies  7  minutes  of  arc  from  one  plate  er.a  to 
the  other.  On  the  other  side  plate  "A"  may  be  con¬ 
sidered  a  characteristic  example  of  AT-cut  varia¬ 
tions  obtained  from  the  modified  process  sequence. 
The  angle  varies  only  22  seconds  of  urc .  Plate  "D" 
is  shown  because  the  angles  and  frequency  slopes 
measured  at  areas  occupied  by  the  four  resonators 
on  one  half  of  the  plate  were  identical,  indicating 
no  angle  variations.  The  angles  and  slopes  on  the 
other  hand,  however,  varied  with  progressively  In¬ 
creasing  deviation  toward  the  end  of  the  plate.  "B" 
and  "C"  are  of  interest  because  the  orientation 
angles  of  the  resonators  do  not  vary  uniformly  along 
the  length  of  the  plate  but  are  random.  Such  varia¬ 
tions  are  generated  by  deformations  of  the  crystal 
plate  during  thickness  reduction  from  double  face 
lapping  .  A  discussion  of  models  which  explain  why 
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such  variation  occur  is  too  lengthy  a  matter  to 
be  covered  at  this  time.  Suffice  to  say,  the  new 
modified  process  sequency  greatly  reduces  or  even 
eliminates  such  variation,  as  illustrated  by  the 
results  of  plate  "A". 


The  effect  of  mass  loading  (or  plate  back  as 
it  sometimes  is  called)  on  the  frequency  temper¬ 
ature  characteristic  was  experimently  evaluated 
on  resonators  provided  for  these  filters.  The 
base-electrodes  used  consist  of  a  combination  of  , 
metals.  A  thin  chromium  film  is  followed  by  a  / 
layer  of  copper  and  a  layer  of  gold.  These  metals 
are  plated  by  evaporation.  The  mass  of  the  base- 
electrodes  was  such  as  to  lower  the  frequency 
about  1.5$  below  the  frequency  of  the  un plated 
plate.  After  evaporation  the  mass  was  increased 
in  increments  by  electroplating  nickel  or  evapor¬ 
ating  gold,  until  a  maximum  frequency  lowering  of 
about  9$  had  been  achieved.  After  each  increment 
the  frequency  deviation  between  -50°C  and  +110°C 
was  measured.  The  results  for  one  crystal  plate 
are  shown  in  Fig.  10.  The  measurement  at  "zero" 
mass  leading  was  made  while  the  unplated  crystal 
plate  was  sandwiched  between  two  metal  plates 
which  liad  the  same  dimensions  as  the  electrodes 
subsequently  applied  by  evaporation.  This  family 
of  frequency-temperature  curves  is  the  same  as  one 
would  obtain  by  changing  the  crystal  plate's 
orientation  angle  in  increments  up  to  a  maximum  of 
about  12  minutes  of  arc;  keeping  the  mass  loading 
constant,  of  course. 

The  frequency  deviations  between  the  lower 
and  upper  turnover -points  (i.e.,  points  where  the 
tangent  has  zero  slope)  have  been  plotted  as  a 
function  of  mass  loading,  and  are  shown  in  Fig.  11. 
Six  different  resonators  on  six  different  crystal 
plates  have  been  studied.  On  three  of  these  reson¬ 
ators  the  mas3  was  increased  by  nickel  electro¬ 
plating  only.  These  results  are  drawn  in  solid 
lines.  Or.  the  other  three  resonators  the  mass  was 
increased  entirely  by  evaporating  gold.  These 
results  are  shown  in  broken  lines.  The  readings 
taken  between  the  highest  and  lowest  values  have 
been  omitted  unintentionally.  They  do  however 
fall  on,  or  very  near  to  the  broken  lines  shown. 
Although  the  frequency  deviations  show  some  ir¬ 
regularities  as  mass  increases,  especially  in  the 
case  6f  nickel  electroplating,  the  relation  of 
mass  loading  versus  frequency-temperature  charac¬ 
teristic  can  clearly  be  seen.  Irregularities  are 
caused  probably  by  slight  differences  in  the  mass 
distribution  over  the  plated  area,  and  by  differ- 
ence^  in  the  mass  balance  between  two  electrodes 
of  one  resonator.  Ho  special  attention  was  given 
to  distribution  and  balancing  of  mass  during  this 
study.  In  spite  of  these  dloturbances,  a  coarse 
but  useful  rule  can  be  established.  It  can  be 
said  that  each  one  percent  of  mass  loading  causes 
the  same  change  in  the  frequency-temperature 
characteristic  of  an  AT-cut  quartz -resonator  a3 
that  resulting  from  a  change  in  the  crystal¬ 
lographic  orientation  angle  of  about  1-1/3  minutes 
of  arc. 


It  is  interesting  to  note  that  the  Q-values 
of  nickel  electroplated  resonators  with  heavy  mass 
loads  are  very  low  and  erratic,  while  the  Q-values 
of  resonators  with  heavy  evaporated  loads  (8$  for 
example)  are  almost  identical  to  those  of  moderate 
mass  loads. 

Etching 

Because  of  high  requirements  on  Q  and  aging, 
much  attention  was  paid  to  the  condition  of  the 
two  major  surfaces.  The  amount  of  etching  proved 
to  be  an  important  parameter.  The  minimum  amount 
could  not  be  determined  by  meclianical  surface 
tests.  For  example,  no  differences  in  surface 
texture  were  revealed  by  stylus  type  measurements. 
Using  a  Talysurf  instrument  the  stylus  recordings 
of  lapped,  unetched  and  etched  surfaces  at  a 
variety  of  etching  stages  were  rather  identical. 

The  minimum  etch  was  finally  determined  by  micro¬ 
scopic  tests.  Samples  were  etched  sequentially  in 
intervals  to  increase  the  frequency  a  maximum  of 
1000  kHz.  After  each  etching  interval,  the  surface 
topology  was  observed  with  a  scanning  electron 
microscope.  Some  of  these  surface  samples  at 
several  etching  stages  are  shown  in  Figs.  12,  13, 
and  14.  The  viewing  angle  is  45°,  and  we  look 
along  the  X  -axis,  where  minus  X  is  toward  the  top 
of  the  pictures.  Magnifications  at  2000  and  5000 
appeared  best  to  uncover  important  details.  For 
realistic  size  comparison  the  white  dust  particle 
at  zero  etching  has  about  the  size  of  a  3  pun 
abrasive  grain,  the  abrasive  which  has  been  used 
to  lap  these  surfaces.  If  one  takes  complete  re¬ 
moval  of  the  layer  formed  by  loose  or  disturbed 
matter  as  measure,  he  will  observe  that  little  lias 
clianged  after  mass  was  etched  away  equivalent  to 
20  kHz.  10  kHz,  not  included  here,  indicated 
hardly  any  cliange.  Surfaces  at  30  kHz  (and  even 
at  ho  kHz)  still  show  sections  which  may  be  un¬ 
stable  with  time  and  hence  may  contribute  to  aging 
of  filters.  The  first  indication  that  the  dis¬ 
turbed  layer  is  removed  —  that  is  when  the  surface 
really  appears  crystalline  --  may  be  detected  to 
some  degree  at  40  kHz,  but  certainly  at  50  and  60 
kHz.  Thus  the  minimum  etch  was  put  at  50  kHz.  At 
this  point  I  would  like  to  point  out  that  the  min¬ 
imum  amount  of  etching  specified  in  MIL-C-3093  is 
«  2.5  kHz  at  8  MHz  for  plates  lapped  with  3*75  pun 
abrasive. 

Because  Q  does  not  decrease  with  longer 
etching,  a  maximum  amount  of  etching  is  not  so 
important.  For  example,  resonators  etched  about 
150  kHz  still  were  at  the  same  Q  level  as  resona¬ 
tors  etched  about  50  to  60  kHz.  On  the  other  hand, 
resonators  etched  amounts  below  40  kHz,  especially 
between  10  to  30  kHz  showed  nonuniform,  sometimes 
erratic  Q's,  and  because  of  that  many  filters  did 
not  perform  as  required.  After  the  etching  and 
.  position  of  electrodes  were  fully  under  control, 
generally  no  Q  differences  were  observed  between 
polished  plates  and  those  lapped  with  3  Mm,  5  pun 
or  even  slightly  larger  grain  sized  abrasives.  T* 
is  strongly  believed  that  by  remov in*’  layex  wi 
disturbed  matter  not  only  the  Q  but  also  the  aging 
of  filters  was  advantageously  affected. 


The  Effect  of  Mass  Loading  on  the 
Frequency-Temperature  Characteristic 


95 


References 

1.  R.  J.  Byrne,  Proceedings  of  the  34th  Annual 
Symposium  on  Frequency  Control,  (1970). 

2.  P.  C.  Y  Lee  and  W.  J,  Spencer,  The  Journal  of 
the  Acoustical  Society  of  America,  Vol.  45,  No. 
3,  637-645,  March  1$69. 

3.  N.  C.  Lias  and  D.  W,  Rudd,  The  Western  Electric 
Engineer,  Vol.  XIII,  No.  2,  April  1969. 

4.  P.  R.  Thornton,  Scanning  Electron  Microscopy, 
Chapman  and  Hall  Ltd.,  London,  1968. 


96 


i  - 


5  • 


If 


ss  008 


440 


r: 


■nc 


joo 


V. 


1350- 


j 


- ~l  2' 


1  KHi  AT  8MHi  :  a  I  M  INCH 
-  ss  025 
=  a  250  A 


‘  THREE  LOCATION  POINTS 
TOR  MEASURING 
THICKNESS  (FREQUENCY) 


NOMINAL  FREQUENCY  :  8140  kH. 

AT-CUT  ORIENTATION  :  NOMINAL  ±  V 
PARALLELISM  :  8  kHz  MAXIMUM 

MEASURED  AT  THREE  POINTS 
AS  INDICATED 

MATERIAL  .  R-FACE  CULTURED  QUARTZ 
SURFACE  CONDITION  .  LAPPED  AND  ETCHED 
END  ABRASIVE  MICRO  GRADED  3  /jm 
ALUMINUM  OXIDE 


Figure  3  I'roccj;  Sequences* 


R  .  FACE  CULTURED  QUARTZ 


ORIENTING  CUTTING  TRIMMING 


Figure  L  Orientlng-Cuttlng-TrittilAg. 


98 
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figure  5 
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A  TECHNIQUE  FOR  AUTOMATIC  MONOLITHIC  CRYSTAL 
FILTER  FREQUENCY  ADJUSTMENT 

R.  P.  Grenier 

Western  Electric  Co.,  Inc. 

Merrimack  Valley  Works 
North  Andover,  Massachusetts 


Abstract 

This  paper  describes  a  differential 
insertion  loss  measurement  technique  presently 
used  by  the  Western  Electric  Co,  for  the 
automatic  frequency  adjustment  of  monolithic 
crystal  filters.  The  information  given  places 
emphasis  on  the  technique's  practical  as  well  as 
theoretical  aspects. 

Introduction 

The  technique  described  was  developed  as  a 
result  of  a  manufacturing  shop  requirement  for  a 
differential  insertion  loss  measurement  system 
suitable  for  controlling  a  deposition  process 
acting  on  a  monolithic  crystal  filter  frequency 
adjustment.  The  shop  requirement  was  such  that 
the  system  had  to  automatically  determine 
whether  or  not  a  filter  needed  adjustment  or 
could  be  adjusted  when  it  was  Inserted  into  the 
measuring  circuit.  If  the  filter  could  be 
adjusted,  the  system  also  had  to  automatically 
stop  the  deposition  process  when  the  filter  was 
adjusted  to  a  specific  differential  Insertion 
loss  frequency  requirement. 

Figure  1  shows  the  monolithic  crystal 
filter  Involved  and  figure  2  shows  this  unit's 
desired  loss  vs  frequency  characteristics.  This 
paper  concerns  the  filter's  adjustment  to  the 
requirement  that  the  insertion  loss  at  the 
fc  +  200  Hz  frequency  exceed  chat  at  the 
fc  +  1000  Hz  frequency  by  precisely  3  db. 

Figure  3  shows  the  filter's  loss  vs  frequency 
characteristics  prior  to  adjustment.  In  this 
state  the  it  is  adjusted  to  have  all  the 
desired  characteristics  except  that  it  is 
approximately  50  Hz  high  in  frequency.  The 
lowering  of  frequency  is  accomplished  by  a 
simultaneous  deposition  of  an  approximately 
equal  amount  of  gold  on  each  of  the  filter's 
eight  accessible  electrodes, 

The  equipment  used  for  the  deposition 
process  is  a  commercially  available  turbomolecu- 
lar  plating  facility.  The  deposition  process  can 
be  stopped  with  this  facility  by  operation  of  a 
remotely  located  switch. 

It  was  obvious  at  the  beginning  of  this 
project  that  conventional  differential  insertion 
loss  measurement  techniques  were  not  Ideally 
suited  tor  the  machine  control  application 
required  and  that  a  new  technique  had  to  be 


developed.  The  following  discussion  describes 
the  technique  developed  and  hov  it  was  implemen¬ 
ted  by  the  design  and  construction  of  a  system 
that  has  been  in  use  since  March  of  1969. 

Discussion 

Figure  4  shows  a  block  diagram  of  the  basic 
circuit  used  to  automatically  determine  the 
relationship  of  two  rf  signal  levels.  To 
simplify  circuit  description,  it  is  assumed  that 
relay  switching  occurs  Instantaneously  and  that 
the  phase  detector  reacts  only  to  the  phase 
relationship  of  its  input  signals.  It  is  also 
assumed  that  this  phase  detector  has  a  positive 
dc  voltage  output  when  its  input  signals  are  in 
phase  and  a  negative  dc  voltage  output  when  its 
input  signals  are  180°  out  of  phase.  This  circuit 
alternately  applies  the  two  rf  signals  to  an 
amplitude  detector  through  operation  of  the 
square  wave  generator  driven  relay.  The  amplitude 
detector  output  signal,  which  is  a  dc  voltage 
with  an  amplitude  proportional  to  the  input  rf 
signal  level,  is  applied  to  the  phase  detector 
for  phase  comparison  with  the  oquare  wave  genera¬ 
tor  signal.  The  result  of  this  comparison  is 
indicated  by  the  dc  voltmeter  polarity  reading. 

A  positive  voltmeter  reading  indicates  the  rf 
signal  "2"  voltage  level  exceeds  that  of  rf  signal 
"1"  and  a  negative  voltmeter  reading  indicates 
that  the  rf  signal  "1"  voltage  level  exceeds  that 
of  rf  signal  "2",  A  signal  is  adjusted  to  have 
approximately  the  same  voltage  level  as  the  other 
Bignal  simply  by  adjusting  its  voltage  level  to 
the  closest  setting  that  causes  a  shift  in  the 
voltmeter  polarity  reading.  Figure  5  shows  the 
signal  waveforms  associated  with  this  circuit. 

Figure  6  shows  a  block  diagram  of  the  basic 
circuit  used  to  automatically  determine  the  mag¬ 
nitude  of  difference  in  rf  signal  voltage  levels. 
To  simplify  circuit  description,  it  will  again  be 
assumed  that  relay  switching  occurs  instantaneous¬ 
ly.  The  operation  of  this  circuit  is  similar  to 
the  one  previously  described  and  the  waveforms 
shown  by  figure  5  also  apply.  The  exception  in 
operation  is  that  this  circuit  measures  the 
magnitude  of  the  ac  voltage  component  contained  in 
the  amplitude  detector  output  signal.  This  ac 
component  voltage  magnitude  is  proportional  to  the 
difference  in  rf  signal  voltage  levels  and  is 
indicated  by  the  ac  voltmeter  reading.  A  signal 
is  adjusted  to  have  tne  same  voltage  level  as  the 
other  signal  simply  by  adjusting  its  voltage  level 
to  the  setting  that  produces  a  zero  ac  voltmeter 
reading. 
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Figure  7  shows  a  block  diagram  of  a  basic 
differencial  insertion  loss  measuring  system 
using  the  two  basic  circuits  previously  described. 
This  system  is  calibrated  by  setting  the  signal 
sources  to  the  two  test  frequencies  of  interest 
and  then  adjusting  the  signal  source  output  volt¬ 
ages  to  the  same  level.  The  latter  calibration  is 
accomplished  by  setting  the  calibrated  adjustable 
attenuators  to  their  0  db  positions,  placing  a 
short  circuit  across  the  A  &  B  test  terminals, 
adjusting  one  signal  source  voltage  to  the 
appropriate  drive  level  and  then  adjusting  the 
other  signal  source  voltage  level  to  produce  a 
zero  ac  voltmeter  reading.  The  ac  voltmeter  is 
calibrated  in  terms  of  db,  after  the  rf  signal 
voltage  calibration,  by  noting  its  pointer 
deflection  for  various  settings  of  one  of  the 
calibrated  adjustable  attenuators.  After  calibra¬ 
tion,  the  short  circuit  across  the  test  terminals 
is  removed  and  the  calibrated  adjustable 
attenuator  used  for  the  ac  voltmeter  calibration 
is  reset  to  the  0  db  position.  A  measurement  is 
made  by  connecting  the  device  under  test  to  the 
test  terminals,  adjusting  the  appropriate 
calibrated  adjustable  attenuator  to  obtain  a  zero 
ac  voltmeter  reading  and  then  noting  the  atten¬ 
uator  setting  which  is  the  differential  insertion 
loss  of  the  device.  The  appropriate  attenuator  is 
determined  when  the  device  is  connected  to  the 
test  terminals  by  noting  the  dc  voltmeter 
polarity  reading.  For  example,  a  positive  reading 
indicates  that  the  device's  insertion  loss  at  the 
rf  signal  "1"  frequency  exceeds  thot  at  the  rf 
signal  "2"  frequency  and  that  the  rf  signal  ''2" 
attenuator  must  be  operated  to  obtain  a  zero  ac 
voltmeter  reading,  A  go  no-go  type  measurement  is 
made  by  pre-setting  the  appropriate  attenuator  to 
the  desired  differential  insertion  loss  value, 
connecting  the  device  under  measurement  to  the 
test  terminals  and  then  observing  the  meters. 

The  «c  voltmeter  indicates  the  degree  of 
differential  insertion  loss  deviation  from  tho 
attenuator  setting  and  the  dc  voltmeter  indicates 
the  deviation's  polarity. 

The  basic  circuits  described  assume  ideal 
conditions  and  are  practical  for  many  applica¬ 
tions.  However,  rf  signal  switching  does  not 
occur  instantaneously,  switching  transients  do 
exist  and  settling  time  is  required  when  testing 
highly  reactive  networks.  Figure  8  shows  a 
typical  amplitude  detector  output  signal  waveform 
when  a  monolithic  crystal  filter  is  connected  into 
the  measuring  circuit.  It  la  evident  that  if  a 
very  precloe  measurement  is  to  be  made,  the 
effects  of  switching  and  filtet  ringing  have  to  be 
removed  from  the  measurement.  This  can  be 
accomplished  with  a  circuit  to  sample  s  portion  of 
the  detected  signal  at  a  time  free  from  the  un¬ 
wanted  effects  and  hold  this  sample  until  a  new 
one  is  taken.  Figure  8  shows  the  signal  waveforms 
associated  with  this  circuit.  The  sample  and  hold 
circuit  output  signal  Is  treated  in  the  same 
fashion  as  described  for  the  basic  circuits  except 
that  phase  comparison  is  made  relative  to  a  signal 
delayed  with  respect  to  the  square  wave  generator 
relay  energizing  signal.  The  delayed  signal's 
leading  and  trailing  edges  are  coincident  with 


the  sampling  pulse's  leading  edge  and  are  there¬ 
fore  coincident  with  the  sample  and  hold  circuit 
output  signal's  leading  and  trailing  edges.  The 
staple  and  hold  circuit  output  signal  is  either  in 
phase  or  180°  out  of  phase  with  the  delayed 
signal  as  determined  by  the  voltage  level  relation¬ 
ship  of  the  two  rf  signals  applied  to  the 
amplitude  detector. 

Figure  9  shows  the  basic  block  diagram  of  the 
system  that  has  been  constructed  and  successfully 
employed  for  the  application  previously  described. 
This  system  is  calibrated  by  performing  the 
following  operations  in  the  sequence  given. 

(1)  Placement  of  a  short  circuit  across 
the  A  &  B  test  terminals. 

(2)  Adjustment  of  the  fc  +  200  Hz  signal 
voltage  level  to  a  predetermined  value. 

(3)  Operation  of  the  "CAL-OPERATE"  switch 
to  the  "CAL"  position. 

(4)  Operation  of  the  "METER  GAIN"  control 
to  the  maximum  sensitivity  position. 

(5)  Adjustment  of  the  fc  +  1000  Hz  signal 
voltage  level  to  obtain  an  ac  voltmeter  null 
reading.  This  adjustment  sets  the  voltage  levels 
of  the  two  signal  sources  to  within  .01  db  of 
each  other. 

(6)  Operation  of  the  "CAL-OPERATE"  switch  to 
the  "OPERATE"  position.  This  operation  causes  thf 
fc  +  1000  Hz  signal  voltage  level,  applied  to  the 
square  wave  driven  relay,  to  be  3  db  below  that 

of  the  fc  +  200  Hz  signal  voltage  level. 

(7)  Adjustment  of  the  "METER  GAIN"  control 
to  obtain  a  full  scale  ac  voltmeter  indication. 

This  adjustment  provides  an  ac  voltmeter  calibra¬ 
tion  that  is  employed  to  determine  the  degree  of 
filter  differential  insertion  loss  deviation  when 
this  deviation  is  within  3  db  of  the  desired 
differential  insertion  loss. 

(8)  Removal  of  the  short  circuit  across  the 
A  6  B  last  terminals. 

The  calibrated  system  produces  a  zero  ac 
voltmeter  reading  and  is  at  the  point  of  a  phase 
reversal  between  the  sample  and  hold  circuit  out¬ 
put  signal  and  delayed  signal  when  a  filter  with  a 
differential  insertion  loss  of  3  db  is  connected 
across  the  test  terminals.  This  is  so  because  the 
filter  attenuates  the  fc  +  200  Hz  signal  voltage 
level  by  3  db  more  than  that  of  the  tc  +  1000  Hz 
signal,  the  same  amount  by  which  the  fc  +  200  Hz 
signal  voltage  level  exceeds  that  of  the  fc  +  1000 
Hz  signal  as  Applied  to  the  filter.  The  machine 
control  relay,  which  is  controlled  by  the  phase 
detector  output  signal,  is  in  a  de-energlzcd  con¬ 
dition  when  a  filter  differential  Insertion  loss 
exceeds  3  db  and  is  in  an  energized  condition 
when  a  filter  differential  insertion  loss  is  less 
than  3  db.  The  machine  rontrol  relay  illuminates 
s  "PLATING  ON"  indicator  lamp  and  allows  the  gold 
deposition  process  to  occur  when  it  is  in  the  de¬ 
energized  condition.  Tills  relay  illuminates  a 
"PLATING  OFF"  indicator  lamp  and  does  not  allow 
the  gold  deposition  process  to  occur  when  it  is  in 
an  energized  ccndltion.  The  calibrated  system's 
normal  operating  procedure  is  as  follows: 
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(1)  The  unit  Co  be  adjusted  is  connected 
Co  Che  test  terminals. 

(2)  The  deposition  chamber  is  closed  and 
evacuated  to  obtain  the  desired  pressure  level. 

(3)  The  system's  indicator  lamps  and  ac 
voltmeter  are  observed  to  determine  whether  or 
not  the  unit  can  or  used  be  adjusted.  A  "PLATING 
OFF"  lamp  illumination  Indicates  Chat  the  unit 
cannot  be  adjusted.  A  low  ac  voltmeter  deflection 
within  a  prescribed  limit  indicates  that  the  unit 
does  not  require  adjustment.  A  "PLATING  CN"  lamp 
illumination  in  conjunction  with  an  ac  voltmeter 
deflection  above  a  prescribed  limit  indicates 
that  the  unit  can  and  needs  to  be  adjusted. 

(4)  When  a  unit  can  and  needs  to  be  adjust¬ 
ed.  which  is  the  normal  case,  a  plating  facility 
"START"  switch  is  operated  to  the  "ON"  position. 
This  operation  applies  heat  to  the  gold  source  in 
the  deposition  chamber  and  opens  a  solenoid 
operated  shutter  placed  between  the  gold  source 
and  unit  under  adjustment  so  that  the  gold 
deposition  process  is  started. 

(5)  The  deposition  process  lowers  the 
unit's  frequency  characteristics  and  consequently 
its  differential  insertion  loss.  When  the  unit's 
differencial  Insertion  loss  reaches  a  value  that 
is  .025  db  less  than  3  db,  the  machine  control 
relay  energizes.  This  relay  energization  stops 
the  plating  process  by  turning  off  the  plating 
facility  gold  heat  source  and  operating  the 
solenoid  operated  shutter  so  chat  it  is  placed 
between  the  gold  source  and  the  unit  under 
adjustment.  The  relay  energization  also 
extinguishes  the  "PLATING  ON"  lamp  and  illuminates 
the  "PLATING  OFF"  lamp  so  Chat  the  operator 
knows  when  the  adjustment  is  completed, 

(6)  The  ac  voltmeter  deflection  is 
observed  to  assure  that  the  unit  has  been 
adjusted  to  within  the  prescribed  limits. 

(7)  The  deposition  chamber  pressure  is 
released,  the  unit  in  the  chamber  is  replaced 
with  the  next  unit  to  be  adjusted  and  the  operat¬ 
ing  procedure  is  repeated. 

Figure  10  shows  a  detailed  block  diagram  of 
the  operating  system  and  figure  11  shows  this 
system's  physical  appearance.  The  system's 
capabilities  are  such  that  monolithic  crystal 
filters  are  frequency  adjusted  for  the  desired 
3  db  differential  insertion  Iobb  to  within  1  part 
in  10^.  This  frequency  accuracy  represents  a 
differential  insertion  loss  deviation  of  .05  db. 

Conclusion 
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We  believe  that  a  differential  insertion 
loss  measurement  technique  suitable  for  machine 
control  application  has  been  developed.  The 
technique's  feasibility  has  been  proven  by  the 
construction  and  employment  of  a  system  for 
automatic  monolithic  crystal  filter  frequency 
adjustments.  We  also  believe  that  the  technique 
has  many  practical  applications  and  with  slight 
inovatlons  in  equipment  design  it  ^ay  be 
employed  for  other  transmission  network  measure¬ 
ments  Buch  as  transmission  and  return  loss. 
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AUGER  SPECTROSCOPY  FOR  STUDIES  OF  THE  AGING 
FACTORS  OF  QUARTZ  CRYSTAL  RESONATORS 


Gary  W.  Simaono,  Walter  H.  Hicklin,  and  R.  K.  Hart 
Georgia  Institute  of  Technology 
Atlanta,  Georgia 


Summary 

The  recent  development  of  Auger  spectroscopy 
has  made  it  possible  to  detect  and  to  identify 
surface  Impurities  in  concentrations  as  lov  as 
1013  atoms/cm^  (0.01  atomic  layers).  This  tech¬ 
nique  can  be  readily  used  to  monitor  the  purity 
of  the  interfaces  in  each  step  of  resonator  fabri¬ 
cation.  We  have  initially  investigated  the  sur¬ 
faces  of  two  quartz  samples  that  were  prepared 
and  processed  according  to  procedures  used  for 
resonator  fabrication.  The  first  sample  was 
cleaned  in  an  ultrasonic  chromic  acid  bath. 

Several  microns  were  etched  from  the  second  sam¬ 
ple  with  amonium  hydrogen  fluoride.  Auger  spec¬ 
tra  were  measured  for  the  samples  after  the 
vacuum  system  bakeout  of  250°C  and  an  initial 
outgass.lng  of  the  specimens  at  .3S0°C  in  ultrahigh 
vacuum.  Auger  analysis  shewed  the  presence  of 
carbon  contamination  for  both  samples.  Similar 
results  were  observed  for  magnesium  oxide  samples 
that  were  used  in  another  study.  Since  the  treat¬ 
ment  of  the  quartz  samples  in  this  preliminary 
investigation  did  not  differ  appreciably  from  the 
actual  fabrication  procedures,  it  is  suggested 
that  a  layer  of  some  form  of  carbon  exists 
between  the  quartz  and  metal  electrode.  It  is 
possible  at  present  only  to  speculate  about  the 
effects  of  this  impurity  on  the  aging  character¬ 
istics  of  resonators.  Since  rf-sputtering  of 
magnesium  oxide  in  argon  was  successful  in  remov¬ 
ing  carbon  contamination,  it  is  suggested  that 
quartz  surfaces  can  be  cleaned  in  situ  by  this 
procedure. 


Introduction 


The  changes  in  the  resonance  frequency  of 
quartz  crystal  units  due  to  aging  has  been  a 
major  problem  in  their  use  for  frequency  control 
applications.  Improvements  in  stability  have 
been  made  in  the  past  by  continued  step-wise 
refinements  in  processing  and  fabrication  tech¬ 
niques.  Progress  has  now  reached  the  stage  where 
there  is  considerable  difficulty  in  the  identifi¬ 
cation  of  the  factors  that  are  responsible  for 
crystal  aging.  The  frequency  stability  should 
ultimately  be  restricted  by  the  intrinsic  proper¬ 
ties  of  quartz.  This  ultimate,  however,  can  not 
be  realized  until  all  of  the  extrinsic  contribu¬ 
tions  to  aging  are  firstly  identified  and  then 
minimized. 


Steps  toward  a  fundamental  approach  have 
been  initiated  by  the  application  of  ultrahigh 
vacuum  techniques  in  the  work  of  Hafner  and 
Blewerl  and  in  the  studies  by  Warner,  Fraser  and 
Stockbridge2,  The  recent  development  of  Auger 
spectroscopy  provides  an  analytical  tool  which 
can  be  readily  used  to  complement  the  approach 
taken  by  these  investigators.  The  present  paper 
is  an  introduction  to  the  Auger  effect,  and  we 
describe  the  experimental  techniques  used  in 
Auger  spectroscopy  of  surfaces.  Some  prelimi¬ 
nary  results  of  surface  analysis  of  quartz  and 
magnesium  oxide  are  included  to  illustrate  the 
potential  for  using  Auger  spectroscopy  in  aging 
studies. 


Auger  Effect 

When  a  material  is  bombarded  with  electrons, 
it  is  possible  to  ionize  the  inner  energy  levels 
of  its  atoms.  The  vacancy  created  by  this  ioni¬ 
zation  is  then  filled  by  an  electron  from  one  of 
the  higher  levels.  The  energy  emitted  in  such  a 
transition  is  equal  to  the  difference  in  che 
ionization  energy  of  the  two  levels.  This  tran¬ 
sition  energy  results  either  in  the  emission  of 
a  photon  (characteristic  X-ray)  or  the  ejection 
of  an  electron  from  another  shell.  The  latter 
radiationless  transition  is  called  the  Auger 
effect,  and  the  emitted  electron  is  called  an 
Auger  electron.  For  example,  if  a  vacancy  in 
the  Lu  level  of  an  atom  is  filled  by  an  electron 
from  the  Mj  shell,  it  is  possible  that  a  second 
electron  will  be  emitted  from  the  M.j  level.  The 
shorthand  notation  for  this  process  is  written 
LuMiMij,  Figure  1  illustrates  the  Auger  effect 
for  a  LjjMjMjj  transition  in  a  solid  and  a  KLjLj; 
transition  from  a  surface  impurity.  It  should  be 
noted  that  there  are  six  possible  transitions  of 
the  type  LuMM  for  the  example  shown  in  Fig.  1, 
and  there  arc  three  possible  KLL  transitions  for 
the  impurity.  Additional  transitions  are  allowed 
when  all  of  the  possible  initial  vacancies  are 
considered. 

Energies  for  the  possible  Auger  transitions 
can  be  calculated  from  ground  state  binding 
energies.  The  Auger  electron,  however,  is 
emitted  from  an  excited  atom  due  to  the  Initial 
ionization.  BurhopS  has  suggested  that  the  shift 
in  energy  levels  for  the  atom  of  the  excited 
state  could  be  obtained  by  using  energy  levels 
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for  Che  atom  of  the  next  higher  atomic  number  for 
the  ejected  electron.  This  empirical  rule  is 
given  by  EWXY  =  EW(Z)  -  EX(Z)  -  EY(Z  +  1),  where 
&WXY  t*le  energy  of  the  emitted  Auger  electron, 
Ew(Z)  is  the  ionization  energy  for  the  initial 
vacancy  in  level  W  for  an  atomic  number  Z,  EX(Z) 
is  the  energy  level  from  which  the  vacancy  in 
level  W  is  filled,  and  the  Auger  electron  is 
emitted  from  the  energy  level  EY  as  determined 
from  the  next  highest  atomic  number  (Z  +  1).  The 
calculated  Auger  energies  considered  in  this  paper 
have  been  determined  with  this  relationship. 

Surface  Analysis  by  Auger  Spectroscopy 

Although  the  Auger  effect  was  discovered  in 
1925a,  it  has  only  been  recently  applied  to  sur¬ 
face  analysis.  Landed  suggested  in  1953  that 
Che  excitation  of  Auger  transitions  by  low  energy 
electrons  could  be  used  as  a  method  for  identify¬ 
ing  surface  impurities.  The  instrumental  develop¬ 
ments  of  Tharp  and  Scheibner6  and  of  Harris7  have 
provided  the  techniques  suitable  for  Auger  spec¬ 
troscopy  of  surfaces. 

Bishop  and  KiviereS  have  estimated  the  effi¬ 
ciency  of  production  of  electrons  emitted  by  the 
Auger  process  for  oxygen  adsorbed  on  copper. 

These  determinations  were  based  on  the  approxi¬ 
mate  relationships  that  have  been  derived  for 
calculating  the  efficiency  of  characteristic  X- 
ray  production  in  the  electron  raicroprobe.  In 
a  typical  LEED  system  with  a  primary  beam  of  1  PA 
at  normal  incidence,  the  total  Auger  current 
from  chemisorbed  oxygen  was  estimated  to  be  about 
2  X  10“10  ota,  where  is  the  fractional  surface 
coverage.  Although  this  estimated  Auger  yield 
is  low,  Weber  and  Johnson^  have  demonstrated  that 
a  surface  coverage  of  0.02  monolayer  Cs  can  be 
detected  on  a  Si  surface. 

A  number  of  factors  contribute  to  the  ener¬ 
gies  and  shape  of  the  Auger  peaks.  The  line 
width  depends  upon  the  breadth  of  the  participa¬ 
ting  energy  levels  and  the  inelastic  losses  which 
the  Auger  electron  may  suffer  in  escaping  from 
the  sample.  The  type  of  binding  between  the 
element  of  interest  and  the  other  atoms  in  the 
solid  modifies  both  the  energy  levels  and  the 
density  of  states  in  the  valence  band.  These 
latter  two  effects  also  contribute  to  the  line 
shape  and  transition  energies.  It  Is  possible 
for  the  emitted  electron  to  excite  bulk  and  sur¬ 
face  plasmons.  These  energy  loss  peaks  are 
observed  on  the  low  energy  side  of  the  Auger  peak, 
and  discretion  is  required  to  avoid  confusing 
these  peaks  with  Auger  peaks. 

Sulfur,  carbon  and  oxygen  are  the  mo3t 
common  impurities  encountered  in  our  studies. 

Figure  2  shows  the  Auger  spectra  observed  for 
these  elements.  The  sulfur  peak  was  obtained 
from  the  diffusion  of  this  element  to  the  sur¬ 
face  of  a  tantalum  sample  during  heating  at  700°- 
SOO’C.  The  Auger  electron  distribution  from 
carbon  was  observed  as  a  contaminant  on  a  titanium 


surface.  The  characteristic  oxygen  spectrum 
shown  in  Fig.  2  was  obtained  from  a  claan  mag¬ 
nesium  oxide  surface.  These  elements  are  char¬ 
acterized  by  their  line  shape  and  by  the  energies 
at  which  they  appear  along  the  retarding  field 
plot.  The  asymmetric  shape  of  the  carbon  peak  is 
a  characteristic  feature  of  this  element.  Since 
chemical  effects  woulo  not  be  expected  to  drasti¬ 
cally  alter  the  energies  and  line  shapes,  the 
Auger  spectra  shown  in  Fig.  2  should  be  genei-Jlly 
representative  of  these  elements. 

Experimental  Techniques 

The  essential  features  of  the  apparatus’ ^ 
used  for  measuring  energy  distributions  and 
Auger  spectra  are  described  below.  Experiments 
are  performed  in  a  titanium  pumped  ultrahigh 
vacuum  system  with  a  base  pressure  of  2  X  10_1® 
torr.  The  optics  and  electronic  arrangement  used 
for  energy  analysis  are  shown  schematically  in 
Fig.  3.  Electrons  that  are  scattered  and  emitted 
from  the  sample  pass  through  three  wire  mesh 
grids  before  reaching  the  collector.  The  closest 
grid  to  the  sample  is  held  at  ground  potential 
and  serves  to  maintain  field  free  conditions 
between  the  sample  and  analyzer.  The  grid 
adjacent  to  the  collector  is  also  at  ground 
potential  and  acts  as  an  electrostatic  capacitive 
shield  between  the  collector  and  the  center, 
suppressor,  grid.  Improved  energy  resolution  Is 
obtained  by  connecting  the  latter  two  grids,  if 
capacitive  nulling  is  provided  to  reduce  the 
capacitive  coupling  between  the  collector  and 
these  analyzer  grids. 

Energy  distributions  are  measured  by  apply¬ 
ing  a  retarding  field  voltage  to  tut.  middle  grid 
along  with  a  small  modulating  voltage.  With  the 
lock-in  amplifier  tuned  to  the  frequency  of  the 
modulating  voltage,  the  retarding  vo'tage  and 
the  amplifier  output  are  fed  to  the  <  and  Y 
channels  of  a  recorder.  The  resulting  energy 
distribution  represents  the  derivative  of  the 
current  reaching  the  collector  as  a  function  of 
the  retarding  field.  In  order  to  observe  Auger 
electrons,  considerable  amplification  c'  the 
energy  distribution  is  required.  Since  the 
Auger  peaks  are  present  in  a  high  baclgrotnd 
signal,  it  Is  convenient  to  take  the  derivative 
of  the  energy  distribution.  In  effect,  Che 
second  derivative  of  the  current  reaching  the 
collector  is  measured  os  a  function  ol  th» 
suppressor  grid  voltage.  In  order  to  obtain  the 
second  derivative,  the  signal  channel  (f  a  pnase 
sensitive  detector  is  tuned  to  a  frcque\*y 
double  that  applied  to  the  retarding  fli-.d  gnd. 
This  method  of  energy  analysis  has  the  advan:  3ge 
that  for  a  gradually  varying  background,  the 
signal  is  essentially  constant  except  in  the 
region  of  Auger  electrons.  The  instrumental 
fie'.ors  that  effect  sensitivity  and  energy  -esc- 
lutlon  have  been  considered  recently  by  Ta.  lor^. 
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Quartz 


Magnesium  Oxide 


Results  and  Discussion 


Surface  analysis  was  made  for  two  separate 
quartz  samples.  The  first  sample  was  cleaned  in 
ar.  ultrasonic  chromic  acid  bath,  ar.J  several 
microns  were  etched  from  the  second  sample  with 
ammonium  hydrogen  fluoride.  The  samples  were 
mounted  on  a  tantalum  heater  and  placed  in  the 
ultrahigh  vacuum  system  for  observation.  Auger 
spectra  were  measured  for  the  samples  after  a 
vacuum  system  bakeout  of  250°C  and  an  initial 
outgassing  of  the  specimens  at  350°C  in  ultrahigh 
vacuum.  Although  there  were  considerable  differ¬ 
ences  ..n  surface  preparation,  the  surface  analy¬ 
sis  for  the  two  samples  was  essentially  the  same. 
Figure  4  shows  a  typical  Auger  spectrum  that  was 
observed  for  the  two  quartz  samples  described 
above.  Peaks  from  silicon,  carbon  and  oxygen  are 
readily  identified. 

At  present  only  the  elemental  constituents 
of  the  surface  can  be  determined,  since  it  is  not 
possible  to  specify  the  chemical  composition  from 
this  data.  Consequently,  the  carbon  peak  may 
result  from  either  the  presence  of  elemental  car¬ 
bon  or  a  surface  carbonate.  Similar  difficulties 
are  likewise  involved  in  determining  the  chemical 
nature  of  oxygen  on  this  surface.  The  oxygen 
teak  ma>  be  attributed  to  the  quartz  substre^e  or 
to  a  rauical  containing  oxygen  such  as  0H“  or 
COj”.  The  relatively  low  intensity  of  the  silicon 
peak  is  probably  due  to  scattering  of  the  silicon 
Auger  electrons  by  the  layer  of  contamination. 

The  intensity  ratio  of  the  silicon  peak  to  the 
oxygen  peak  could  be  used  as  an  indication  of  the 
presence  of  OH-  or  H2O,  since  one  would  expect 
this  ratio  to  Increase  as  these  contaminants  were 
removed  from  the  quartz  surface. 

There  are  two  possible  sources  for  the  con¬ 
tamination  of  the  quartz  by  carbon.  First, 
atmospheric  adsorption  of  carbon  dioxide  is 
likely  to  occur  during  transfer  of  the  samples 
from  the  cleaning  bath  to  the  vacuum  system. 
Second,  it  is  possible  that  the.  specimens 
adsorbed  residual  gases  la  the  vacuum  chamber. 
Undoubtedly,  the  quartz  surfaces  adsorbed  H2O 
during  sample  preparation,  and  the  residual 
hydroxyl  groups  present  after  outgassing  may  have 
contributed  to  the  oxygen  Auger  peak. 

The  contamination  as  described  above  for 
quartz  was  found  to  be  stable  at  temperatures  as 
high  as  700°C.  Since  the  neatmunt  of  the  quartz 
samples  in  this  preliminary  investigation  did  not 
differ  appreciably  from  the  actual  fabrication 
procedures,  it  is  suggested  that  a  layer  of  some 
form  of  carbon  exists  between  the  quartz  and  the 
metal  electrode.  It  is  possible  at  present  only 
to  speculate  about  the  effects,  if  any,  of  this 
impurity  on  the  aging  characteristics  of  reso¬ 
nators. 


Studies  of  !igO  surfaces  were  conducted  in 
conjunction  with  a  separate  program.  It  is  jf 
interest  to  present  data  on  MgO  for  comparison 
with  quartz,  since  these  two  oxides  show  a  sim¬ 
ilar  susceptibility  to  carbon  contamination. 
Surface  analysis  was  performed  on  samples  that 
were  cleaved  in  air  and  for  specimens  that  were 
mechanically  cut  and  polished.  A  typical  spec¬ 
trum  is  shown  in  Fig.  5  for  MgO  following 
vacuum  system  bakeout  and  sample  outgassing  at 
750°C.  Although  both  the  cleaved  and  mechani¬ 
cally  prepared  samples  showed  the  presence  of 
carbon,  the  intensity  ratio  of  carbon  to  oxygen 
peaks  for  the  cleaved  samples  was  less  than  the 
carboi  to  oxygen  peak  ratio  for  the  polished 
specimens.  Since  attempts  to  remove  the  carbon 
fro,*  the  MgO  surfaces  by  extensive  heating  at 
750:,C  failed,  the  MgO  samples  were  rf-sputtered 
in  argon.  A  source  of  rf  power  of  approximately 
330  volts  (rms)  with  a  frequency  of  20  MHz  was 
applied  to  the  specimen  holder  in  5  X  10“-*  torr 
of  argon.  A  self  sustained  plasma  was  establish' 
ed  after  initiation  by  electron  emission  from  a 
heated  filament.  An  Auger  spectrum  of  MgO 
cleaned  by  this  technique  is  shown  in  Fig.  6. 
Clean  magnesium  oxide  surfaces  were  found  to  be 
relatively  insensitive  to  background  gases  at 
10”10  torr  for  several  days,  which  suggests  that 
the  primary  source  of  carbon  is  the  adsorption 
of  atmospheric  CO2  during  sample  preparation. 

Conclusions 

1.  Auger  spectroscopy  when  combined  with  ultra- 
high  vacuum  techniques  can  be  effcctivelv 
applied  to  surface  related  studies  of  quartz 
resonators. 

2.  The  oxides  of  silicon  and  magnesium  are 
highly  susceptible  to  some  form  of  carbon 
contamination. 

3.  Low  power  rf-sputterlng  by  argon  can  be 
readily  used  to  remove  contaminated  layers 
from  oxides  such  as  MgO  and  quartz. 

4.  The  results  reported  here  indicate  only  that 
carbon  is  present  on  quartz  during  resonator 
fabrication.  We  have  made  no  attempts  to 
establish  the  effect,  if  any,  of  this  con¬ 
tamination  on  the  aging  characteristics  of 
quartz  resonators. 
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5MHZ  BT  COT  RESONATORS 
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Summary 


Design  parameters  for  circular  BT  cut  reso¬ 
nators  are  sparse.  Some  data  by  Seed,  Spencer, 
and  others  has  been  published  but  in  comparison 
to  the  information  published  on  AT  cuts,  the  BT 
cut  has  been  somewhat  neglected. 

In  a  program  to  develop  a  quartz  resonator 
pressure  transducer,  it  became  evident  that  the 
BT  cut  has  a  number  of  features  that  make  it 
superior  to  other  orientations.  Of  primary  impor¬ 
tance  is  the  fact  that  the  temperature  coefficient 
of  pressure  sensitivity  for  BT  cuts  is  very 
nearly  zero. 

To  make  the  transducer  useful  over  a  wide 
temperature  range,  it  i3  necessary  to  eliminate 
the  effects  of  temperature  on  the  resonant  fre¬ 
quency  of  the  device.  This  can  be  done  by 
using  another  BT  cut  as  a  reference.  The 
orientation  angle  vs.  the  turn-over  point  temper¬ 
ature  for  BT  cuts  is  3uch  that  one  can  easily 
achieve  a  good  match  of  frequency-temperature 
characteristics. 

A  study  was  'indei  taken  to  design  a  5  MHz, 
third  overtone,  BT  cut  resonator  having  a 
diameter  of  15mm  and  mounted  in  a  cold-weld 
enclosure.  A  number  of  designs  were  fabricated 
and  evaluated  over  a  temperature  range  from 
0  to  +125°  Celsius  with  particular  attention 
being  given  to  the  Q  of  the  resonr  or  and  to  the 
extent  to  which  the  third  overtone  thickness 
shear  mode  of  the  resonator  was  coupled  to  other 
modes  of  vibration.  As  have  previous  investiga¬ 
tors,  we  found  that  the  orientation  angle,  radiuB 
of  curvature  on  the  resonator  surface,  dimension¬ 
ed  ratio,  and  the  overtone  of  operation  are 
reflected  in  the  value  of  the  temperature 
coefficients  of  frequency. 

A  plot  of  the  observed  temperature  of  zero 
temperature  coefficient  of  frequency  vs.  the 
polar  angle  for  the  BT  cut  was  made  for  a  number 
of  different  resonator  design  parameters.  Using 
this  plot,  we  were  able  to  predict  turn-over 
points  as  the  resonator  design  was  optimized. 

During  the  study,  measurements  of  the  ampli¬ 
tude  and  frequency  of  the  enharmonic  overtones 
were  made  as  a  function  of  the  radius  of 
curvature . 

The  above  data  allowed  selection  of  a  final 


design  which  has  essentially  a  constant  impedance 
over  the  temperature  range  from  0  to  +125° 
Celsius.  The  crystal  parameters,  Q,  drive  level 
sensitivity,  and  short  term  stability  for  some 
designs  will  be  presented. 

Introduction 

Seed1  has  shown  that  the  BT  cut  resonator 
exhibits  a  very  high  value  of  Q  but  that  the 
resonator  is  very  sensitive  to  finite  plate 
effects.  This  is  evident  in  the  fact  that  the 
crystal  turn-over  point  is  greatly  altered  when 
the  mode  of  operation  i3  changed  from  the  funda¬ 
mental  to  the  third  overtone  and  when  the  surface 
of  the  resonator  is  contoured. 

Although  these  effects  can  increase  the 
difficulties  normally  associated  with  the  design 
and  fabrication  of  high  precision  resonators,  the 
BT  orientation  offers  scrae  distinct  advantages 
which  are  utilized  in  the  quartz  resonator  pres¬ 
sure  transducer2.  The  transduce'"  is  shown  in 
Fig.  1.  A  5  MHz  BT  cut  resonator  is  constructed 
03  an  integral  part  of  a  crystalline  quartz 
cylinder  3o  that  application  of  an  external 
pressure  will  uniformly  and  elastically  stress 
the  resonator  periphery.  This  stress  causes  a 
nominal  change  in  the  resonator  frequency  of 
-1.5Hz/psi  and  at  10,000  psi  the  frequency  has 
been  linearly  decreased  by  0.3  percent.  The  BT 
orientation  is  used  in  thi3  device  primarily 
because  the  temperature  coefficient  of  pressure 
sensitivity  is  nearly  two  orders  of  magnitude 
smaller  than  that  of  the  AT  cut.  Quartz  end  caps 
are  used  to  seal  the  cylinder  bore  and  thu3  iso¬ 
late  the  resonator  surfaces  from  the  pressure 
media.  With  the  transducer  in  a  laboratory 
instrument  and  operating  at  its  turn-over  point 
under  temperature  controlled  conditions,  a 
resolution  of  ±0.001  psi  and  an  absolute  accuracy 
of  ±0.01  psi  can  be  obtained.  To  extend  the  use¬ 
fulness  of  the  device  beyond  the  laboratory,  a 
scheme  to  eliminate  thermal  effects  is  required. 
One  method  to  achieve  temperature  independent 
operation  of  the  transducer  for  applications 
where  high  resolution  pressure  measurements  must 
be  made  and  wheie  the  ambient  temperature  can 
vary  as  much  as  100°C,  is  to  incorporate  it  into 
a  sonde  along  with  another  BT  cut  which  serves  as 
a  reference  crystal.  If  the  reference  can  be 
crystallographically  oriented  to  have  the  same 
temperature  coefficients  of  frequency  as  the 
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transducer  and  then  by  some  means  it  is  thermally 
coupled  to  the  transducer,  the  frequency  differ¬ 
ence  between  the  two  resonators  is  then  only  a 
function  of  ambient  pressure  on  the  transducer. 
Using  this  method  requires  that  the  reference 
have  as  high  a  Q  as  possible  and  that  it  be  free 
from  the  effects  of  coupled  modes  which  cause 
anomilies  in  the  frequency-temperature  character¬ 
istics.  It  was  desirable  that  these  requirements 
be  met  over  a  temperature  range  of  0  to  +125°C. 

Using  Seed's  data  as  a  starting  place  and 
with  the  information  already  gathered  on  the 
transducer,  a  study  of  BT  cuts  was  initiated  to 
determine  whether  or  not  a  suitable  reference 
crystal  design  could  be  found  and  to  determine  to 
what  extent  one  could  reasonably  hope  to  match 
the  temperature  coefficients  of  the  reference  and 
transducer.  All  resonators  evaluated  in  this 
study  were  5  MHz  third  overtone  units  15mm  in 
diameter.  All  blanks  were  angle  corrected  to  ±15 
seconds  of  arc.  Both  plano-convex  and  bl-convex 
designs  were  fabricated  and  tested.  All  units 
were  optically  polished  and  processed  using  state 
of  the  art  precision  crystal  finishing  techniones . 

Test  Equipment 

Fig.  2  shows  the  equipment  used  in  measuring 
the  temperature  coefficients  of  each  resonator 
design.  The  system  is  a  variation  of  the  crystal 
parameter  recording  system  described  by  Adams  3  at 
a  previous  frequency  control  symposium.  An  oil 
bath  oven  accommodates  a  fixture  holding  twelve 
resonators  with  each  resonator  having  its  own 
oscillator.  The  bath  is  programmed  to  cover  the 
temperature  range  of  0  to  +125°C  in  thirty  hours. 
Through  an  input  scanner  and  a  stepping  switch, 
the  resonators  are  sequentially  sampled  by  a 
frequency  counter  and  the  output  is  stored  on 
magnetic  tape  along  with  temperature  information 
provided  by  a  quartz  thermometer  which  continu¬ 
ously  monitors  the  oil  bath.  Using  computer 
methods,  the  data  was  reduced  and  either  printed 
or  plotted  out. 

To  determine  the  presence  of  coupled  modes, 
measurements  of  resonator  impedance  over  the 
temperature  range  were  made  using  a  vector  volt¬ 
meter  system.  In  addition  to  the  vector 
voltmeter  system,  a  computing  counter,  with  its 
programable  arithmetic  capability  and  having  an 
absolute  accuracy  of  1  x  10s  for  one-second 
periods,  made  it  possible  to  quickly  and  easily 
determine  the  Q,  amplitude  frequency  effect,  and 
fractional  frequency  deviation  of  the  resonators. 

Experimental  Results 

Coupled  Modes 

When  the  influence  of  contour  upon  the 
reference  crystal  impedance  had  been  explored, 
it  became  evident  that  not  all  contours  would 
result  in  acceptable  resonator  designs.  The 


criteria  in  the  sonde  application  was  that  the 
reference  has  as  high  a  Q  as  possible  with  u 
constant  impedance  over  the  temperature  rang... 
Plotting  impedance-temperature  curves  for  resona¬ 
tors  having  various  contours  indicated  that 
numerous  coupled  modes  become  quite  predominant 
on  bi-convex  resonators  having  contours  steeper 
than  about  h.25  meters”  .  In  the  case  of  the 
plano-convex  blank,  a  region  between  2.83  and 
7.55  meters-1  was  found  which  va3  relatively  free 
of  these  modes. 

Two  types  of  coupled  modes  manifest  them¬ 
selves.  The  first  is  altered  in  amplitude  and  in 
the  temperature  at  vhich  it  occurs  by  contouring. 
These  modes  cause  large  changes  in  the  main  mode 
impedance  and  their  influence  may  lost  over 
temperature  intervals  as  large  as  ten  or  fifteen 
degrees  C  and  can  cause  perturbations  in  the 
frequency-temperature  curve  as  large  as  2  x.  10 
Tills  is  an  undesirable  condition  in  sonde  since 
small  frequency  changes  appear  to  be  pressure 
fluctuations.  The  second  type  is  one  which  can  be 
altered  in  amplitude  by  contouring  but  not  in  the 
temperature  at  which  it  occurs .  Fig.  3  shows  the 
impedance-temperature  plot  of  a  resonator  in 
which  both  types  of  modes  are  present  with  the 
second  type  of  coupled  mode  occurring  at  about 
30°C. 

Of  the  designs  evaluated,  plano-convex 
resonators  having  a  contour  of  6.13  meters-1  have 
a  very  high  Q  and  are  relatively  free  from 
coupled  modes  except  at  about  30°C.  To  determine 
the  effect  of  this  mode  on  the  frequency- 
temperature  curve,  frequency  measurements  were 
made  at  temperature  intervals  of  <  0.1°C  from 
0  to  +125°C.  With  no  smoothing,  the  raw  data  was 
fitted  to  a  third  order  polynomial.  The  RMS 
value  of  frequency  deviations  was  in  the  order 
of  5  x  10"  even  in  the  region  of  the  coupled 
mode. 


A  plot  of  turnover  temperature  for  various 
contours  on  resonators  having  a  constant  polar 
orientation  angle  0  is  shown  in  Fig.  It.  It  will 
be  noted  that  in  order  to  obtain  equal  turnover 
points,  the  curvature  on  a  plano-convex  blank 
must  be  a  little  greater  than  twice  that  on  the 
bi-convex.  Taking  the  average  slope  of  these 
curves  indicates  that  the  dependence  of  turning 
point  on  contour  is  -2.2°C/meter  on  piano 
blanks  and  twice  this  on  bi-convex. 

Conversely,  by  holding  constant  curvature 
and  plotting  turnover  temperature  as  the  orienta¬ 
tion  angle  0  is  changed,  a  plot  such  ns  shown  in 
Fig.  5  is  obtained.  The  dependence  of  turnover 
point  on  orientation  angle  is  -l°C/roinute  at 
0  =  It  5  degrees  and  -2°C/minute  at  0  =  ^6  degrees. 

Using  the  data  from  Figs.  It  and  5,  one  finds 
that  in  order  to  control  the  turnover  point  of  a 
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plano-convex  resonator  to  65. 0  ±  i°C  requires  a 
control  of  ±  0.3  meters-1  on  contour  and  ±  1 
minute  on  orientation  angle.  Also  plotted  in 
Fig.  5  is  the  distribution  of  turnover  points  of 
resonators  having  various  contours  for  8  =  1*5 
degrees.  It  is  evident  that  in  order  to  accu¬ 
rately  predict  the  orientation  angle  and  contour 
required  to  obtain  a  specified  turnover  point  for 
each  design,  more  data  points  vould  be  required 
so  that  families  of  curves  could  be  dravn  cover¬ 
ing  the  regions  of  interest.  In  order  to  be 
completely  general,  the  diaaeter-to-thickness 
ratio  should  also  be  considered  since  it  also 
influences  the  turnover  point.  See  Fig.  6. 

With  regard  to  the  design  of  reference 
crystals,  which  will  be  used  to  track  the 
pressure  transducer,  it  must  be  pointed  out  that 
not  only  must  the  turnover  temperatures  be 
matched  but  that  the  total  frequency  change  away 
from  the  turnover  points  be  the  same.  As  it 
turns  out,  the  second  order  temperature  coeffi¬ 
cients  of  plano-convex  and  bi-cor.vex  resonators 
aie  not  equal  even  when  the  turning  points  are. 

In  Fig.  7  the  value  of  these  coefficients  for 
various  contours  is  plotted.  At  a  65°  turnover 
temperature,  the  plano-convex  design  has  a 
second  order  coefficient  which  is  about  1.5  per¬ 
cent  larger  than  a  bi-convex  unit.  This  is 
unfortunate  since  the  transducer  utilizes  a 
bi-convex  resonator  and  a  close  match  Of 
frequency  temperature  characteristics  could  not 
be  obtained.  In  this  case,  the  mismatch  is  in 
the  order  of  36  Hz  at  60°  from  turnover  points. 
Ther>  fore,  it  became  necessary  to  use  a  bi¬ 
convex  reference  crystal  even  though  it  is  more 
difficult  to  control  orientation  during  the 
manufacturing  process.  Some  loos  of  orientation 
angle  almost  always  results  when  the  second 
convex  surface  i3  generated.  In  order  to  match 
a  bi-cor.vex  reference  to  the  transducer,  such 
that  the  frequency  difference  between  the  two  is 
no  more  than  ±  1  x  10-6  at  a  temperature  i  60°C 
away  from  the  turnover  point,  the  second  order 
temperature  coefficients  of  frequency  must  agree 
to  within  about  ±  l  percent  which  is  equivalent 
to  a  turnover  point  of  <  ±  0.2°C.  Fabrication 
of  a  number  of  bi-convex  resonators  and  trans¬ 
ducers  ha3  shown  that  this  matching  condition  can 
be  net  without  too  much  difficulty. 

Anharmonic  Overtones 

A  plot  of  the  main  mode  response  and  the 
first  four  anharmonic  modes  above  5  MHz  for  a 
contoured  BT  resonator  is  shown  in  Fig.  8. 

Making  this  type  of  plot  for  a  number  of  reso¬ 
nators  having  various  contours  shows  that  the 
frequency  difference  between  the  main  mode  and 
the  anharmonic  modes  increases  as  shown  in  Fig. 

9.  While  this  increase  is  only  about  30  percent 
as  large  as  what  one  would  expect  from  an  AT  cut 
having  similar  dimensions,  the  modes  are  suffici¬ 
ently  attenuated  that  no  difficulties  with  the 
resonator  jumping  modes  has  been  experienced. 


With  the  exception  of  the  second  anharmonic 
which  is  attenuated  only  10  db,  the  remaining 
anharmonic  modes  are  attenuated  by  20  to  30  db. 

Resonator  Parameters 

A  tabulation  of  electrical  parameters  for 
the  various  designs  evaluated  in  this  study  is 
shown  in  Fig.  10.  Although  a  number  of  designs 
exhibited  high  Q  values,  bi-convex  resonators 
having  a  curvature  of  6.30  meters-1  were  the  only 
ones  which  provided  both  high  Q  and  the  de3ire^ 
matching  characteristics.  For  other  applications, 
a  number  of  these  designs  could  prove  to  be  use¬ 
ful.  As  a  matter  of  interest,  the  plano-convex 
resonator  having  a  curvature  of  6.13  meters-1  was 
observed  to  have  Q  values  approaching  *<  x  106. 

The  drive  stability  on  one  such  unit  was  found  to 
oe  in  the  order  of  2  x  10-10/db  change  in  driving 
voltage  amplitude  and  had  a  short  term  stability 
of  six  10-11  me. 

Conclusions 

While  the  BT  cut  resonator  has  temperature 
coefficients  which  are  a  function  not  only  of 
orientation  angle  but  also  of  contour,  diameter- 
to-thickness  ratio,  and  harmonic  order,  careful 
preparation  of  the  resonator  geometry  and  control 
of  the  crystallographic  orientation  angle  has 
resulted  in  a  reference  crystal  design  which  can 
be  used  to  make  the  quartz  resonator  pressure 
transducer  a  useful  device  for  field  applications. 
A  frequency  match  of  i  1  x  106  at  a  temperature 
60°C  away  from  the  turnover  point  of  the  trans¬ 
ducer  ha3  been  accomplished  with  a  bi-convex 
resonator  and  with  improvements  in  fabrication 
techniques,  matching  in  the  order  of  ±  2  x  10-7 
appears  feasible. 

Although  plano-convex  resonators  could  not 
be  U3 ed  as  reference  crystals  for  the  pressure 
transducer  device,  it  was  found  that  one  particu¬ 
lar  design  offered  very  high  values  of  f  low 
sensitivity  to  drive  level,  anu  very  good  short 
term  stability.  These  factors  make  this  design 
at;  active  for  frequency  standard  applications. 
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SECOND  ORDER  TEMPERATURE  COEFFICIENT  OF 
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Summary 

Criteria  for  designing  filter  crystals  with 
minimum  disk  diameter  and  maximum  electrode  di¬ 
ameter  for  the  achievement  of  high  quality,  un¬ 
wanted  mode  free  AT-cut  VHF  filter  crystals  be¬ 
low  150  MHz  has  been  reported  previously.  The 
technique  used  was  to  consider  certain  inherent 
boundaries  on  resonator  design  and  performance 
arising  from  the  intrinsic  properties  of  quartz 
(Ti)  and  on  the  diameter  and  thickness  of  the 
electrode  ()Je  and  t  )  in  accordance  with  trapped- 
energy  concepts.  A?  frequencies  above  150  MHz, 
however,  such  conventionally  used  crystal  de¬ 
signs  result  in  units  possessing  either  an  in¬ 
creasingly  higher  content  of  unwanted  modes  and/ 
or  resistance  values  normally  greater  than  accep¬ 
table  for  most  equipment  applications. 

The  purpose  of  this  paper,  is  to  present  new 
information  which  alleviates  previously  encoun¬ 
tered  restrictions  and  permits  fabrication  of 
filter  crystals  to  frequencies  as  high  as  200 
MHz.  Tills  has  been  made  possible  on  the  basis 
of  first  a  recently  assembled  crystal  plating 
and  monitoring  system  and  secondly  the  introduc¬ 
tion  of  a  new  processing  method  employing  ion- 
etch  techniques. 

Introduction 

Filter  resonators  operating  in  the  upper  VHF 
frequency  range,  ore  particularly  applicable  for 
increasing  front-end  selectivity  of  receivers  in 
the  parametric  up-conversion  scheme.  In  this  ap¬ 
proach  gain  is  proportional  to  frequency  no  that 
the  upper  frequency  is  chosen  as  high  as  possible, 
compatible  of  course  with  crystal  iilter  capa¬ 
bilities. 

As  part  of  an  overall  program  aimed  at  meet¬ 
ing  ouch  Increased  demands,  new  design  data  have 
been  developed  for  the  fabrication  of  filter  type 
quartz  crystal  resonators  at  frequencies  up  to 
200  MHz.  This  represents  a  considerable  increase 
over  the  previously  attainable  frequency  of  150 
MHz.  To  achieve  this  goal,  the  investigations 
pursued  were  divided  into  two  areas.  In  the 
first,  the  problem  was  approached  on  a  semi- 
theoretical  basis  utilizing  a  new  experimental 
technique,  so  that  energy  trapping  requirements 
which  relate  proper  frequency  plateback  to  elec¬ 
trode  dimensions  could  be  precisely  determined. 
The  investigations  were  conducted  for  various 
frequencies  within  the  150  -  200  MHz  range,  using 
a  unique  plating-monitoring  system  recently 


assembled  in  the  Electronic  Components  Labora¬ 
tory.  This  new  setup  provides  means  for  direct 
observation  of  a  crystal's  mode  spectrum  during 
and  after  the  plating  process  and  allows  for 
direct  measurement  of  the  magnitude  of  each 
mode. 

The  straightforward  use  of  conventional  fab¬ 
rication  procedures  at  these  VHF  frequencies  will 
not,  in  general,  satisfy  the  required  design 
specifications.  The  primary  problem  encountered, 
Is  that  the  electrical  resistance  of  the  required 
thin  film  electrodes  and  leads,  necessary  to 
achieve  adequate  mode  control,  becomes  signifi¬ 
cantly  higher  as  the  electrode  thickness  is  con¬ 
tinually  decreased  in  going  to  higher  frequencies. 
It  was  necessary,  therefore,  that  these  filter 
crystal  investigations  be  supplemented  by  a  sec¬ 
ond  area  of  work  in  which  the  electrical  resis¬ 
tance  of  thin  film  electrodes  and  leads  is  taken 
Into  account  and  means  for  reducing  it  be  devel¬ 
oped.  The  approach  Introduced  to  minimize  this 
film  resistance  problem  while  still  allowing 
proper  energy  trapping  conditions  to  be  fulfilled 
is  ion  bombardment  of  a  depression  In  the  quartz 
wafer,  such  that  the  electrode  may  be  partially 
embedded  in  the  wafer.  Earlier  attempts  chemi¬ 
cally  to  etch  selectively  such  a  depression  with 
hydrofluoric  acid  were  unsuccessful  because  of 
preferential  etching  and  virtually  no  depth  con¬ 
trol  by  this  process.  Recently  advanced  ion  et¬ 
ching  techniques  have  now  been  uniquely  applied 
to  quartz  cryotal  development  with  the  result 
that  etch  rates  con  easily  be  controlled,  prefer¬ 
ential  etching  and  undercutting  is  not  observed 
and  in  general  the  technique  is  .apable  of  pro¬ 
ducing  etch  patterns  with  vertical  walls  to  a 
definition  limited  only  by  the  mask.  Data  on  the 
interrelationships  between  essential  design  pa¬ 
rameters,  mode  spectrographs,  and  related  experi¬ 
mental  evidence  pertaining  to  this  new  approach 
are  presented. 

Resonator  Design  Criteria 

The  functional  relationship  between  crystal 
resistance,  electrode  diameter  and  frequency  for 
units  operated  between  150  and  200  MHz  at  the  5th 
and  7th  harmonics  of  a  fundamental  mode  is  given 
in  Fig.  1.  As  seen  from  this  figure,  for  a  fixed 
frequency,  the  crystal  resistance  depends  pri¬ 
marily  on  the  electrode  diameter.  As  an  example, 
to  obtain  a  crystal  resistance  below  100  ohms  at 
210  MHz  with  a  7th  harmonic  unit,  an  electrode 
diameter  of  approximately  2.0  mm  must  be  utilized. 
For  applications  where  a  5th  harmonic,  150  MHz 
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unit  is  required  to  have  40  ohms  crystal  resis¬ 
tance,  an  electrode  diameter  somewhat  larger  than 
2.0  am  is  required.  The  curves  given  in  this 
figure  were  generated  from  calculations  based  on 
considerations  concerning  the  motional  time  con¬ 
stant  Tj,  a  capacitance  constant  fl  and  a  resis¬ 
tance,  constant  according  to  the  relations  ■= 
fj/  Tx  and  R^  =  V^e*  Agreement  of  these  cal¬ 
culated  resistance  vulues  with  experimental  units 
has  been  good;  however,  it  should  be  pointed  out 
that  use  of  subsequent  experimental  data  could  re¬ 
sult  in  more  refined  values. 


The  second  design  consideration  of  Importance 
concerns  the  unwanted  node  content.  To  obtain  a 
strong,  clean,  response  in  bound  VHF  AT-cut  quartz, 
resonators,  it  is  necessary  to  lower  the  resonant 
frequency  of  some  portion  of  the  blank  below  that 
of  the  remainder  so  that  this  portion  can  act  as 
an  energy  storage  tank.  This  can  be  achieved  if 
electrodes  of  finite  thickness  are  applied  to  a 
limited  portion  of  an  AT-cut  wafer,  then  separate 
cut-off  frequencies  will  exist  for  the  elcctroded 
and  surrounding  regions.  Optimum  conditions  will 
occur  when  the  electrode  diameter  and  the  plate- 
back  are  coordinated  by  energy  trapping  con¬ 
siderations. 


and  negligible  film  resistance  is  obtained.  Be¬ 
cause  the  mass  loading  of  such  a  unit  is  exces¬ 
sive  in  terms  of  energy  trapping,  pronounced 
spurious  modes  appear  but  the  cutoff  frequency  of 
the  electrode  and  surrounding  regions  are  then 
adjusted  by  depositing  a  ncnconductive  material 
layer  on  the  surrounding  area  of  the  quartz 
structure.  The  effect  of  this  layer  is  to  di¬ 
minish  gradually  the  unwanted  modes  as  proper 
conditions  are  finally  approached.  Fig.  2  sche¬ 
matically  compares  this  configuration  with  one  of 
a  conventional  design.  In  the  conventional  de¬ 
sign  (top  illustration),  the  only  means  of  ad¬ 
justing  the  difference  frequency  Af  between  the 
region  marked  fc  and  fB  is  by  an  appropriate 
change  in  the  plating  thickness  tft.  As  mentioned 
previously,  for  designs  requiring  minimal  fre¬ 
quency  depression,  the  film  thickness  at  times  is 
reduced  below  300a,  resulting  in  films  which  no 
longer  exhibit  hulk  properties  with  the  conse¬ 
quence  of  poor  film  conductivity.  In  the  lower 
drawing  It  16  seen  that  te  nay  be  adjusted  to 
any  suitable  thickness,  normally  in  the  jrder  to 
1000a,  and  the  proper  cutoff  frequency  between 
the  two  regions  may  now  be  adjusted  by  an  ap¬ 
plication  of  a  dielectric  film  on  the  surround¬ 
ing  regions  of  the  quartz  wafer. 


For  resonators  below  150  MHz,  criteria  of  this 
type,  together  with  certain  initial  conditions  on 
blank  parallelism  and  surface  flnloh,  were  suf¬ 
ficient  to  design  units  having  a  range  of  notion¬ 
al  parameters  while  still  maintaining  suppressed 
unwanted  modes  by  a  trade  off  process  between,  e- 
lectrode  dimensions  and  frequency  lowering. 

It  has  been  found,  however,  during  this  investiga¬ 
tion,  that  in  trying  simultaneously  to  satisfy 
these  conditions  at  higher  frequencies,  very  def¬ 
inite  limitations  do  exist. 

In  the  design  of  filter  crystals  In  this  up¬ 
per  frequency  range  with  usable  resistance  values, 
the  electrode  diameter  requirement  is  such  that 
in  satisfying  the  corresponding  plateback  require¬ 
ment,  the  resulting  aluminum  electrode  film  thick¬ 
ness  results  in  appreciable  film  resistance 
values.  Consequently,  one  must  observe  and  is 
bound  to  a  minimum  usable  plateback  figure  since 
the  metal  film  placed  on  the  resonator  must  re¬ 
main  of  sufficient  thickness  as  not  to  cause  ex¬ 
cessive  resistance  in  this  film,  which  would  add 
to  the  total  crystal  resistance.  Experiments  in 
this  VHF  range  have  shown  that  in  order  to  reduce 
this  film  resistivity  consideration  to  negligi¬ 
bility  using  aluminum,  platebacks  in  the  order  of 
0.2$  are  required. 

In  an  attempt  to  overcome  this  problem  and  ob¬ 
tain  data  which  will  lead  to  the  fabrication  of 
suitable  VHF  resonators,  investigations  have  been 
performed  with  a  structure  originally  suggested 
by  the^Clevite  Corp.,  under  on  ECOM-eponsored  con¬ 
tract.  The  technique  is  to  deposit  a  sufficient 
thickness  of  aluminum  without  regard  to  spurious 
mode  considerations.  One  thus  approaches  the 
bulk  conductivity  properties  of  the  aluminum  film 


Crystal  Plating  &  Monitoring  System 

Investigations  of  this  type  require  experi¬ 
mentation  with  a  large  number  of  crystal  units. 

In  the  past  It  had  been  necessary  to  remove  the 
unit  from  the  vacuum  system  to  perform  the  re¬ 
quired  measurements  after  each  step  variation 
and,  as  a  result,  the  collection  of  data  was  very 
slow.  To  permit  investigations  of  this  type  to 
be  conducted,  not  only  in  a  more  efficient  man¬ 
ner,  but  with  a  precise  determination  of  frequen¬ 
cy  lowering  data,  a  system  has  been  developed 
which  permits  direct  observation  of  a  crystal 
node  spectrum  during  and  after  the  plating  pro¬ 
cess  without  breaking  the  vacuum.  The  plating 
and  monitoring  system  cot  up  for  this  purpose  in 
the  F.lectronic  Components  Laboratory  is  shown  in 
Figs.  3  and  4.  FlgurcJls  a  closeup  of  the  bell 
jar  assembly  that  was  constructed,  showing  a  vac¬ 
uum  tight  coaxial  connector  mounted  in  the  wall 
of  a  stainless  steel  bell  Jar.  One  side  of  this 
connector  will  be  attached  to  the  unwanted  node 
monitoring  instrumentation  (Fig.  4)  and  the 
other,  through  an  ell  and  rotary  Joint,  to  the 
masking  arrangement  shown  in  the  lower  right  hand 
corner.  Essentially,  this  is  a  G.  n.  component 
mount  which  was  specially  fitted  to  accomodate  a 
variety  of  mask  sizes  and  configurations.  The 
crystal  to  be  investigated  is  mounted  In  a  con¬ 
ventional  crystal  holder,  set  in  the  component 
mount  and  the  appropriate  mask  then  aligned  to 
this  crystal.  Figure  4  provides  a  photograph  of 
the  complete  system.  In  this  approach  a  half 
electrical  wavelength  (or  integral  multiple 
thereof)  section  of  coaxial  air  transmission  line 
lo  used  between  the  plating  apparatus  and  the  un¬ 
wonted  mode  monitoring  system,  thus  allowing  re¬ 
mote  measurements  to  be  performed  quickly  and  in 
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a  more  efficient  manner  than  was  required  by  the 
old  process  of  removing  the  unit  from  the  vacuum 
system  after  each  step  variation  of  plateback  to 
perform  required  electrical  measurements.  The 
new  procedure  is  relatively  straightforward;  the 
coaxial  feedthrough  is  connected  to  one  arm  of  a 
hybrid  bridge.  The  bridge  is  then  excited  from 
a  frequency  source  that  is  swept  by  a  function 
generator.  The  voltage  at  the  bridge  output  is 
the  response  to  this  excitation  which  c.  hen  be 
monitored  by  an  appropriate  detector  and  recorded 
on  an  oscilloscope.  The  bridge  is  initially 
balanced  for  system  capacitance  at  a  frequency 
removed  from  the  expected  crystal  resonance  and 
then  continually  swept  through  the  intended  res¬ 
onance  region.  At  this  point  little  or  no  out¬ 
put  is  observed  on  the  scope.  The  crystal  is 
then  gradually  plated  until  sufficient  electrode 
material  has  been  deposited  such  that  as  the  sig¬ 
nal  source  passes  through  the  resonance  region, 
the  bridge  balance  is  upset  and  the  scope  records 
the  unbalance  in  the  form  of  an  initial  resonance 
curve.  The  bridge  is  then  rebalanced  for  the  ad¬ 
ditional  capacitance  due  to  Co  and  plating  gradu¬ 
ally  continued  until  the  deaired  response  is  ob¬ 
tained  on  the  oscilloscope.  Having  calibrated 
the  grid  lines  on  the  oscilloscope  for  both  fre¬ 
quency  and  amplitude  in  terms  of  resistance  and 
dB,  the  frequency  shift  of  the  mode  responses 
(-o.  f)  and  magnitude  of  each,  may  be  observed 
directly.  A  bridge  arrangement  of  this  type  may 
also  be  used  to  evaluate  the  actual  crystal  pa¬ 
rameters  for  both  the  main  and  unwanted  modes  in 
a  very  rapid  fashion  a6  discussed  by  Priebe  and 
Bollato. 


Dielectric-layered  Resonator  Considerations 

As  an  example  of  the  Information  than  can  be 
realized  in  the  150  -  200  KHz  range  by  using  this 
technique,  Fig.  5  gives  a  seven-step  sequence  at 
various  stages  in  the  fabrication  of  a  crystal  at 
150  MHz.  The  procedure  utilized  for  this  ur.lt, 
began  by  selecting  a  30  MHz  fundamental  quartz 
blank  that  had  been  processed  to  a  parallelism 
greater  than  l/5  wavelength  of  mercury  Hght3 
(approximately  0.1  /us  )  aixi  mounted  in  a  suite 
holder.  The  unit  was  then  plated  in  the  manner 
Just  described  with  the  sole  Intent  of  depositing 
a  sufficient  thickness  of  aluminum,  to  assure 
good  crystal  activity.  The  mode  spectma  charac¬ 
teristic-  of  the  crystal  that  was  visible  at  this 
point  is  shown  in  step  (a)  of  this  figure  and  is 
seen  to  be  quite  poor.  The  reason  for  this,  is 
that  in  obtaining  adequate  film  conductivity  in 
the  electrode,  the  resulting  frequency  depression 
was  approximately  3 00  kHz.  To  fulfill  energy 
trapping  conditions  at  this  frequency  with  the 
2.1*  mm  electrode  diameter  that  was  employed  re¬ 
quires  a  frequency  plateback  of  only  19  kHz.  The 
unit  was  then  masked  in  such  a  way  as  to  permit 
the  deposition  of  a  dielectric  layer  on  the  sur¬ 
rounding  portions  of  the  quartz  wafer,  to  adjust 
the  cutoff  frequency  to  the  conditions  required 
for  adequate  mode  control. 


Tlie  improvements  in  the  mode  spectrum  that 
can  be  observed  as  this  layer  is  put  on  is  shown 
in  a  step  wi6e  fashion  in  sequence  (b)  thru  (g). 
Starting  with  step  (b.)  we  see  that  as  a  coating 
of  zinc  oxide,  the  dielectric  used  in  this  ex¬ 
periment,  was  initially  applied,  one  first  ob¬ 
serves  a  slight  decrease  in  the  first  unwanted 
mode  when  compared  to  itG  magnitude  shown  in  se¬ 
quence  (a).  Additional  deposition  of  zinc  oxide, 
beyond  step  (b),  resulted  in  a  more  notable 
change  as  shown  in  steps  (c)  (d)  (e)  until  final¬ 
ly,  the  condition  shown  in  (f)  was  reached.  At 
this  point  we  have  a  complete  suppression  of  un¬ 
wanted  modes  on  the  high  frequency  side  (right 
of  the  main  mode),  however,  in  the  process  of 
compensating  for  these  unwanted  modes  some  spuri¬ 
ous  mode  activity  is  noted  to  have  appeared  on 
the  low  frequency  side  (left  of  the  main  mode). 

In  fact  in  sequence  (f)  we  see  one  fairly  strong 
response.  It  vas  reasoned  that  this  was  due  to 
over-compensation  with  the  dielectric  layer  thus 
resulting  in  a  case  where  a  cavity  was  actually 
formed  over  the  electroded  region  of  the  plate. 
Under  these  conditions,  the  electroded  area  is 
at  a  higher  frequency  then  the  surrounding 
regions,  thereby  giving  rise  to  unwanted  modes 
having  frequencies  lower  than  that  of  the  main 
response.  At  this  point,  additional  aluminum 
was  evaporated  into  what  is  essentially  a  cavity 
formed  by  the  dielectric  layer  and  the  spectro¬ 
graph  shown  in  step  (g)  resulted.  Here  we  see 
a  well  controlled  mode  spectrum.  It  is  pointed 
out  that  there  was  a  slight  decrease  in  main 
mode  activity  as  we  went  thru  steps  (b)  thru  (f^ 
However,  upon  deposition  of  the  additional  alumi¬ 
num  between  steps  (f)  and  (g)  the  main  mode  is 
seen  to  have  improved  and  a  crystal  resistance 
of  only  80  ohms  vac  measured.  For  comparison, 
it  had  been  previously  reported  that  filter 
crystals  fabricated  using  the  conventional  pro¬ 
cess  at  150  MHz  had  resistance  values  in  excess 
of  160  ohms.  The  two-for-one  resistance  reduc¬ 
tion  is  due  to  the  combination  of  achieving  neg¬ 
ligible  film  resistance  and  to  the  practicability 
of  employing  somewhat  larger  electrode  areas 
when  the  mode  spectnsa  can  be  compensated  for  by 
some  such  technique  as  using  a  dielectric  layer. 

In  another  series  of  experiment,  s  utilizing 
techniques  of  this  type,  three  optically  parallel 
quartz  blanks  had  ZnS  layers  of  approximately 
1000A  deposited  on  each  oide.  The  inverted 
macks  used  for  these  dielectric  depositions  were 
made  so  that  three  dlfferert  cavity  diameters 
(0c)  were  formed.  The  cavity  diameters  chosen 
were  0  c  =  3.6,  3.0  and  2.4  mm.  A  2.4  mm  mask 
was  then  selected  to  be  used  in  depositing  2.4 
mm  aluminum  electrodes  into  these  cavities.  By 
using  the  same  electrode  diameter  in  each  of  the 
above-cited  cavities,  information  was  obtained 
on  the  effects  of  having  various  separations  be¬ 
tween  the  edge  of  the  electrode  and  the  edge  of 
the  cavity.  In  the  first  experiment,  the  crys¬ 
tal  with  the  dielectric  cavity  hole  of  3-6  cm 
or<d  on  electrode  mask  diameter  of  2.4  mm  pro¬ 
vides  for  an  annulus  between  electrode  and 
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dielectric  of  0.6  mm  width.  Hits  unit  was  in¬ 
serted  into  the  monitor  plating  system  and  the 
modes  observed  while  aluminum  electrodes  were 
gradually  deposited  in  the  setup  as  previously 
discussed.  When  sufficient  material  was  de¬ 
posited  to  Just  barely  excite  the  plate,  one  was 
able  to  observe  at  this  early  stage  the  unwanted 
modes  as  well  as  the  main  mode.  Continued  plat¬ 
ing  gradually  increased  the  magnitude  of  all  • 
modes  until  the  condition  shown  on  the  left  of 
Fig.  6  resulted.  With  this  electrode  cavity  ar¬ 
rangement,  at  no  time  was  there  a  condition  in 
which  the  unwanted  modes  appeared  suppressed  to 
any  satisfactory  extent.  Apparently  the  large 
separation  between  the  electrode  edge  and  ZnS 
d ielectric  edge  Is  detrimental  in  the  sense  that 
the  required  -£.f  between  the  two  regions  was  not 
achieved.  Most  likely,  a  third  frequency  region 
had  been  established  between  these  two  coated 
areas.  The  experiment  was  then  repeated  using 
she  3-0  mm  dielectric  cavity  and  again  a  2.4  mm 
diameter  electrode  deposited  within  the  cavity 
thus  giving  a  0.3  mm  edge  separation.  The  mode 
spectrum  which  resulted,  center  illustration,  ap¬ 
pears  much  Improved  over  the  previous  combination 
and  the  crystal  resistance  was  satisfactory.  In 
the  third  and  final  experiment  of  this  series  a 
crystal  was  fabricated  in  which  the  separation 
between  electrode  edge  and  dielectric  edge  was 
completely  eliminated.  Both  cavity  size  and  elec¬ 
trode  diameter  were  2.4  cm.  Alignment  of  the 
electrode  within  the  cavity  was  very  good  and 
measurement  of  the  crystal  resistance  under  these 
conditions  gave  a  value  of  only  70  ohms.  The 
curve  on  the  right  contains  the  mode  spectrum  for 
this  condition  and  appears  far  superior  to  cases 
1  and  2  above.  The  main  contributing  factor  is 
considered  to  be  the  elimination  of  the  separa¬ 
tion  between  the  electrode  to  dielectric  edge, 
thus  providing  attainment  of  proper  frequency 
lowering  conditions. 

On  this  basis,  several  groups  of  cryotals  in 
the  150  -  200  MHz  frequency  range  have  been  pro¬ 
cessed  and  direct  observations  of  mode  patterns, 
motional  parameter  values  and  a  correlation  be¬ 
tween  mode  spectrographs  and  Introduced  discon¬ 
tinuities  made.  Figure  7  is  given,  summarizing 
the  results  of  this  investigation,  1.  e.,  data 
of  plateback  vs.  electrode  diameter  conditions 
which  was  found  to  provide  optimum  suppression 
of  unwanted  modes  for  frequencies  in  the  150  - 
200  MHz  range. 

Ion-Etch  Approach 

In  view  of  the  results  obtained  in  the  man¬ 
ner  Just  discussed,  it  is  apparent  that  mode  con¬ 
trol  and  resistance  requirements  can  be  met  si¬ 
multaneously  even  at  upper  VHF  frequencies,  pro¬ 
viding  proper  conditions  ore  met.  A  search  for 
a  method  which  vould  essentially  provide  a  simi¬ 
lar  structure  without,  however,  the  deposition  of 
dielectric  layers,  has  led  to  the  utilization  of 
ion-etch  techniques  to  produce  on  inverted  wsa 
structure.  Figure  8  provides  a  schematic  of  the 


structure.  With  this  approach  an  electrode  may 
be  partially  embedded  in  the  wafer  rather  than 
the  previous  requirement  of  building  up  the  sur¬ 
rounding  area  with  a  dielectric.  .Doing  away 
with  this  layer,  has  the  effect  of  eliminating 
the  instabilities  which  may  occur  with  respect 
to  its  aging  and  frequency-temperature  behavior. 
Several  earlier  attempts  to  chemically  etch  a 
selective  depression  of  this  type  with  hydro¬ 
fluoride  acid  were  only  partially  successful, 
because  the  inverted  mesa  region  had  a  poorly 
defined  slope  rather  than  the  sharp  edges  re¬ 
quired.  What  is  being  introduced  at  this  time, 
is  the  application  to  crystal  resonator  develop¬ 
ment  the  recently  advanced  ion  etching,  or  ion 
bombardment  technology  to  achieve  this  configura¬ 
tion.  The  phenomenon  involved  in  this  erosion 
technique  is  the  disintegration  of  a  solid  sur¬ 
face  by  striking  It  with  high  energy  ions.  Here 
an  inert  gas  such  as  argon  is  used  as  an  ioniza- 
ble  medium  to  transfer  potential  energy  built  up 
by  an  electric  field  into  kinetic  energy  of  the 
ion  that,  in  turn,  knocks  out  neutral  target 
atoms  or  molecules.  The  basic  mechanism  of  ejec¬ 
ted  surface  material  being  momentum  transfer.  A 
good  deal  of  the  necessary  technology  for  the 
realization  of  Ion  erosion  is  currently  being 
published  in  the  literature  in  allied  disci  0- 
llne6,  though  in  a  somewhat  different  form.  *7 
Since  only  a  relatively  modest  effort  is  re¬ 
quired  to  bend  this  technology  toward  the  reali¬ 
zation  of  the  device  to  be  discussed  here,  the 
ion-etch  applications  and  results  not  operation¬ 
al  procedures  will  be  presented. 

To  obtain  an  appreciation  for  the  extensive 
capabilities  provided  with  tie  utilization  of 
this  approach,  several  figures  relating  infor¬ 
mation  on  a  number  of  basic  studies  that  have 
been  completed,  are  first  presented.  Starting 
with  Fig.  9,  so  lnterferogram  is  shown  comparing 
the  interference  fringe  pattern  of  a  quartz  plate 
surface  with  and  without  ion  erosion.  The  por¬ 
tion  labeled  exposed  is  the  area  that  was  lon- 
etcUed  and  the  non-expooed  area  was  protected  by 
a  mask.  The  interpretation  of  this  fringe  pat¬ 
tern  is  that  the  bands  across  the  crystal  plate 
are  bent  according  to  the  degree  of  thickness 
variation  across  the  unit.  Each  bond  is  equal 
to  one-half  the  wavelength  of  the  green  mecury 
light  used  in  this  experiment  5462/2  8,  thus,  it 
is  seen  that  the  amount  of  material  removed  due 
to  ion  erosion  is  a  little  more  t|jan  two  half 
wavelengths  or  approximately  6000A.  It  is  • 
pointed  out  that  the  definition  between  the  ex¬ 
posed  and  not  exposed  portions  is  quite  poor  be¬ 
cause  in  this  first  preliminary  experiment  the 
masking  technique  used  was  Just  a  crude  metallic 
mask.  The  primary  information  that  was  sought 
in  this  trial  was  the  determination  as  to  the 
uniformity  with  which  surface  removal  could  be 
obtained  and  whether  the  heating  effects  intro¬ 
duced,  would  cause  significant  thermal  stresses 
within  the  crystal  leading  to  possible  fractures. 
From  an  examination  of  this  photograph  it  ap¬ 
pears  that  the  removal  of  material  by  ion-etch 
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techniques  even  to  the  extent  of  6000A,  much 
more  than  will  be  normally  required  for  resona¬ 
tor  fabrication,  results  in  a  surface  that  should 
be  quite  suitable  for  filter  crystal  fabrication. 
This  is  affirmed  by  the  observation  that  the  in¬ 
terference  fringes  in  the  exposed  portion  are  not 
deviated  in  ahy  peculiar  manner,  as  would  be  the 
case  if  the  surface  had  an  irregular  finish,  if 
anything  the  fringes  appear  to  show  improved  para¬ 
llelism.  An  additional  investigation  on  unifor¬ 
mity  of  surface  removal  is  shown  in  Fig.  10. 

Here  we  have  nn  interferograa  of  two  quartz  waf¬ 
ers,  a  portion  of  each  which  again  has  been  ex¬ 
posed  to  ion  bombardment  only  this  time,  the  unit 
on  the  right  has  a  convex  surface.  In  this  trial, 
approximately  one-half  wavelength  (273°a)  was  re¬ 
moved  from  each  surface.  One  should  note  the 
markedly  improved  edge  definition  not  only  for 
the  unit  with  the  flat  surface  but  a  near  perfect 
boundary  division  for  the  unit  having  a  convex 
curvature  as  well.  In  these  examples,  a  glass 
mask  had  been  used  to  obtain  the  required  divis¬ 
ion  for  the  flat  surface,  and  photo  resist  mask¬ 
ing  techniques  were  employed  for  the  convex  unit. 
An  extremely  Interesting  conclusion  drawn  from 
this  experiment,  in  addition  to  the  edge  improve¬ 
ments,  is  the  fact  that  even  though  the  unit  on 
the  right  lias  a  convex  surface,  the  technique  of 
surface  removal  by  ion-etching  does  not  them  any 
apparent  preferential  e-osion.  The  interference 
fringes  are  as  evenly  spaced  in  the  exposed  sur¬ 
face  as  the  portion  that  was  not  exposed. 

In  the  third  experiment  of  this  type,  a 
quartz  crystal  surface  was  examined  before  and 
after  ion  etch,  by  scanning  the  surface  with  an 
electron  microscope.  Figure  11  provides  this 
comparison,  in  which  the  photo  on  the  left  repre¬ 
sents  the  surface  bel'orv  ion  etching  and  the  photo 
on  the  right  the  some  crystal,  after  a  500CA 
layer  was  removed,  t  c  can  be  seen,  the  crystal 
on  the  left,  taken  cut  of  a  group  of  crystals  pro¬ 
cessed  using  conventional  lapping  and  polishing 
techniques  possessed  on  area  with  an  appreciable 
number  cf  scratches.  This  unit  was  then  exposed 
to  ion  bombardment,  removing  a  layer  of  approxi¬ 
mately  5000A.  iiiv  -xaplete  surfuce  was  re -exam¬ 
ined  under  the  electro.''  microscope  and  was  found 
to  be  free  of  all  scratch  marks  previously  ob¬ 
served.  With  the  exception  of  a  small  surface 
defect  indicating  a  build  up  of  some  sort  shown 
in  the  photo  on  the  right,  the  surface  was  com¬ 
pletely  smooth,  f.ne  fact  that  a  surface  finish 
may  be  improved  b>  a  technique  of  this  type  may 
have  far  reaching  implications  not  only  for  fil¬ 
ter  crystal  applications  but  for  crystal  resona¬ 
tors  in  general.  It  appears  that  this  ion  etch 
technique  may  lend  itself  to  final  finishing  of 
quartz  crystal  surfaces. 

Encouraged  by  the  physical  improvements  ob¬ 
served  by  optical  means  during  the  three  preced¬ 
ing  experiments,  two  high  quality  5  MHz  piano  con¬ 
vex  resonators  were  fabricated  to  obtain  Infor¬ 
mation  as  to  the  effects  ion  etched  surfaces 
would  have  on  the  electrical  properties  of  such 


devices.  The  two  units  selected  were  processed 
in  an  identical  manner,  the  only  exception  being 
one  of  the  two  unit6  was  etched  by  ion-bombard¬ 
ment  techniques  removing  a  half  wavelength  Hg 
layer  from  each  surface.  Figure  12  is  presented, 
providing  a  comparison  of  the  essential  para¬ 
meters.  In  comparing  each  individual  parameter, 
it  is  apparent  that  the  process  of  ion  etching 
does  not  result  in  a  degradation  of  crystal  per¬ 
formance.  To  the  contrary,  one  might  conclule 
a  slight  Improvement  had  been  obtained.  The 
fact  that  satisfactory  parameter  values  art- 
achievable  in  such  high  quality  resonators,  prob¬ 
ably  reflects  the  contention  that  no  sub-surface 
damage  to  the  crystal  structure,  such  as  twining 
etc.,  is  introduced  during  the  erosion  process. 

Ion  Ettch  Results 

The  application  of  this  erosion  technique 
to  filter  crystal  development  has  enabled  the 
usable  frequency  range  to  be  extended  to  fre¬ 
quencies  as  high  as  2X0  MHz.  Examples  of  this 
achievement  have  been  chosen  and  will  now  be 
discussed  as  representative  of  the  possibilities 
now  attainable.  Figure  13  shows  a  magnified 
photograph  and  inter ferogram  of  a  210  MHz,  7th 
harmonic,  quartz  blank  into  which  a  keyhole  pat¬ 
tern  of  if)  e  n  2.0  mm  and  a  tab  width  of  1  mm  was 
eroded.  The  notable  achievements  obtained  here 
are  the  very  sharply  defined  keyhole  edge,  uni¬ 
formity  in  surface  removal  within  the  keyhole 
cavity  and  the  scrunch  free  surface  finish,  me 
well  defined  boundary  visable  was  accomplished 
using  pnoto-resiet  techniques  and  the  erosion, 
as  mentioned  previously,  by  ion  etching.  The 
depth  of  erosion  for  this  particular  case  is  seen 
to  he  approximately 7V4  Hg.  The  unit  was  then 
mounted  in  a  conventional  HC-lO/u  holder  and  in¬ 
serted  into  the  crystal  plating  and  monitoring 
facility  for  electrode  evaporation  into  thi6 
cavity. 

A  three  step  sequence  at  various  stages  in 
the  plating  process  of  this  unit  is  provided  in 
Fig.  14.  Below  each  response  curve,  is  illus¬ 
trated  schematically,  cross  sectional  diagrams 
of  the  various  plating  conditions  within  the 
ca-’ity  that  give  rise  .0  the  respective  mode 
sf  .trim.  In  the  first  sequence,  designated  (a), 
one  observes  a  strong  main  mode  response  together 
with  several  weaker  unwanted  responses,  appear¬ 
ing  on  the  low  frequency  side  of  the  primary 
mode.  The  coni iguration  illustrated  below  this 
spectrum  show  a  condition  such  that  the  plated 
region,  fe,  is  higher  in  frequency  than  the  sur¬ 
rounding  region  f0.  If  the  unwanted  modes  are 
though  of  as  being  associated  with  the  plate  as 
a  whole,  this  would  account  for  the  fact  that 
these  modes  occur  at  a  frequency  somewhat  below 
the  main  response. 

Evaporation  of  additional  alisninum  material 
into  the  ion-etched  cavity  gradually  diminished 
the  low  frequency  unwanted  responses  and  finally 
produced  the  desirable  condition  illustrated  in 
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(b).  At  this  point,  the  frequency  difference  be¬ 
tween  the  plated  and  unplated  portions  of  the 
resonator, A  f>  are  6uch  that  proper  energy  trap¬ 
ping  conditions  have  apparently  been  achieved. 
Measurement  of  the  crystals  resistance  parameter 
under  these  conditions  resulted  in  a  value  of 
less  than  l60  ohms.  If  the  frequency  of  the 
electroded  region  is  decreased  beyond  this  point, 
by  a  further  increase  in  electrode  thickness, 
energy  trapping  requirements  are  upset  and  the 
mode  spectrum  shown  in  (c)  of  Fig.  14  results. 
Since  a  spectrograph  of  the  type  shown  in  se¬ 
quence  (c)  is  quite  typical  of  crystal  units 
fabricated  at  this  frequency  by  conventional 
techniques,  an  excellent  comparison  is  provided 
showing  the  significant  improvement  that  is 
achieved  by  incorporating  this  proposed  method 
of  fabrication. 

The  mode  spectra  responses  of  a  resonator 
having  mi  even  larger  area  electroded  structure, 
in  which  part  of  the  electrode  thickness  was  em¬ 
bedded  into  the  wafer  thereby  reducing  electrical 
resistance  without  contributing  to  overall  mass 
loading  is  shown  in  Fig.  15*  In  this  case  we 
have  a  150  MHz,  5th  harmonic  unit  into  which  an 
ion  etched  keyhole  pattern  having  a  cavity  di¬ 
ameter  of  2.4  mm,  a  tab  width  ofQl  cm  and  on  ero¬ 
sion  depth  of  approximately  1500A  on  each  side 
of  the  plate  was  prepared.  Upon  completion  of 
electrode  mask  to  cavity  alignment  to  assure  ex¬ 
act  registration,  the  units  performance  was  then 
monitored  no  plating  commenced,  by  the  procedure 
outlined  previously.  Illustration  {a)  of  this 
figure  shows  the  crystal  response  in  the  initial 
stage  of  excitation,  i.  e. ,  the  result  as  soon  as 
a  minimum  amount  of  plating  required  to  begin 
electrical  conduction  has  been  achieved.  The 
bridge  is  then  rebalanced  for  the  additional  ca¬ 
pacitance  due  to  C0  an!  the  plating  gradually 
continued  until  the  desired  response  is  observed 
on  the  oscilloscope.  This  condition  is  shown  in 
sequence  (b).  The  crystal  resistance  at  this 
point  measured  slightly  over  100  ohms  again  a 
considerable  reduction  compared  to  the  best  pre¬ 
viously  reported  value  at  this  frequency,  150 
ohms.  As  the  unit  was  plated  with  additional 
aluminum  beyond  this  point,  an  interesting  ob¬ 
servation  made  was  that  unwanted  modes  gradually 
appeared  on  the  high  frequency  side,  before  the 
undeslred  modes  on  the  lower  frequency  side  were 
completely  diminished.  This  means  that  a  degree 
of  compromise  must  be  made  between  the  mode  struc¬ 
ture  on  either  side  of  the  desired  response.  By 
the  time  the  lower  frequency  unwanted  mode  struc¬ 
ture  is  completely  eliminated,  several  high  fre¬ 
quency  spurious  mode  are  already  visible  as  shown 
in  <--.qUence  (c).  Intentional  frequency  lowering 
be;  nd  this  point,  to  the  extent  that  energy  trap¬ 
ping  requirements  wore  unbalanced,  again  resulted 
in  the  Introduction  ol'  a  family  of  high  frequency 
unwanted  modes  as  shown  in  sequence  {d)  and  (e). 


should  be  capable  in  producting  controlled  ac¬ 
curacy  down  to  several  microns.  In  general, 
the  attainable  definition  is  limited  primarily 
to  ones  masking  abilities.  An  example  of  a  no¬ 
table  achievement  in  this  area  is  shown  in  Fig. 
16.  Here  we  see  a  quartz  blank  into  which  a 
grid  network  pattern  was  ion  etched.  The  grid 
8paeings  are  0.75  am  (0.0295")>  the  diameter  of 
the  dots  within  the  grids  0.43  ®®  (O.OI69")  and 
the  ion  etched  grid  slots  only  0.107  mm  (0.00421) 
In  width.  Approximately  l/3  L  %  of  quartz  ma¬ 
terial  had  been  removed  (1810a),  and  even  with 
this  closely  spaced  pattern,  again  we  see  very 
sharp  edge  definition  and  uniform  material  re¬ 
moval  within  the  cavities. 

Conclusion 

This  paper  has  presented  a  new  design  aspect 
for  crystal  resonator  fabrication.  Proper  mode 
levels  and  resonator  impedance  control  for  low 
insertion  loss  filter  application  can  be 
achieved  at  upper  VHF  frequencies  if  the  tech¬ 
niques  outlined  are  utilized.  Examples  verify¬ 
ing  the  technique  together  with  optimum  plate- 
back  design  data  for  controlling  the  mode  spec¬ 
trum  level  were  provided. 

In  general,  the  techniques  of  photo  resist 
masking  and  ion  etching  offers  an  economical  and 
practical  means  of  performing  difficult  erosion 
tasks.  Only  one  particular  application  was  pre¬ 
sented  in  thiG  paper  i.  0.,  the  selective  re¬ 
moval  of  material  In  the  fabrication  of  quartz 
filter  crystals,  but  techniques  of  this  type 
should  also  be  applicable  to  a  variety  of  other 
devices,  since  it  lias  been  shown  that  selective 
uniform  removal  of  material  can  be  precisely 
controlled  with  good  definition.  An  additional 
application  that  cases  to  mind  is  the  task  of 
optical  polishing,  i.  e.  complete  Gurface  re¬ 
moval  to  a  prescribed  depth.®  A  technique  of  this 
type  can  assure  absolute  cleanliness  of  a  quartz 
wafer  immediately  prior  to  film  deposition  thus 
having  application  to  resonator  technology  in 
general,  ether  possibilities  might  be  the  se¬ 
lective  etching  of  channels  or  grooves  in  piezo¬ 
electric  materials  for  guiding  acoustic  surface 
waves  and  possibly  mode  control  in  acoustically 
coupled  resonators. 
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On  the  basis  of  the  work  completed  during 
this  investigation  it  appears  that  the  combination 
of  photo  resist  masking  and  ion  etching  techniques 
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SEQUENCE  OF  MODE  SPECTRA  IMPROVEMENT  EMPLOYING 
OIELECTRIC  COATING  TECHNIQUES 
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CONVEX  SURFACE 


INTERFERENCE  FRINGE  PATTERNS  OF  TWO  QUARTZ  WAFERS  COMPARING 
THICKNESS  DEVIATIONS  BEFORE  AND  AFTER  ION  EXPOSURE 
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BEFORE  ION  EXPOSURE 


AFTER  ION  ETCH 


SCALE  0— J0*"'  SCALE0 <70'"n 

COMPARISON  OF  A  QUARTZ  CRYSTAL  SURFACE  BEFORE  AND  AFTER 
REMOVAL  OF  A  5000  A  LAYER  BY  ION  ETCH  TECHNIQUE 


11 


PLANO-CONVEX  CRYSTAL 


PARAMETER 

FREQUENCY 

5.0  MHz 

5.02  MHz 

ELECTRODE  DIAMETER 

5.0  mm 

5.0  mm 

MOTIONAL  RESISTANCE 

2.2  OHMS 

1.95  OHMS 

MOTIONAL  CAPACITANCE 

11.0  fF 

11.2  fF 

STATIC  CAPACITANCE 

5.2  pF 

4.95  pF 

CAPACITANCE  RATIO 

472 

442 

TIME  CONSTANT 

24.2  f  SEC 

21.9  f  SEC 

QUALITY  FACTOR 

1,316,000 

1,454,200 

COMPARISON  OF  RESONATOR’S  MOTIONAL  PARAMETERS 
WITH  AND  WITHOUT  ION  ETCH 

V...  ■  _ _ 

12 
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ATTFNIJATlOM  IN  d8 


KEYHOLE  PATTERN  ERODED  INTO  A  QUARTZ  PLATE 
BY  ION  ETCH  TECHNIQUES 


rijar* 


(o)  (b)  (c) 


MODE  SPECTRA  vs  ELECTROOE  thickness  ElOMHt  ION  ETCHED  CRVSTAL 


Tilttr#  U 
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ATTENUATION  IN  dB 


MODE  SPECTRA  SEQUENCE  OF  AN  ION  ETCHED  150  MHz  CRYSTAL 
AS  A  FUNCTION  OF  ELECTRODE  THICKNESS 


15 


INTERFEROGRAM  OF  TEST  PATTERNS  ION  ETCHED  INTO  QUARTZ 
DEMONSTRATING  DEFINITIONS  ACHIEVABLE  WITH  THIS  TECHNIQUE 


rUw*  it 


140 


LON  AGING  CRYSTAL  UNITS  FOR  USE  IN 
TEMPERATURE  COMPENSATED  OSCILLATORS 


L.  A.  Dick  and  J.  F.  Silver 
CTS  Knights,  Inc. 
Sandwich,  Illinois 


Introduction 

Claude  Shannon  of  the  Bell  Telephone 
Laboratories  first  published  his  classical 
treatise  on  information  theory  some  twenty 
years  ago.  In  this  interval  of  time  the 
demands  for  interference  free  communications 
channels  has  multiplied  many  fold.  The 
communications  industry  has  tried  to  meet 
these  increased  demands  by  extending  the 
useful  range  of  frequencies  available  for 
channel  assignment  and  by  changing  the  mode 
of  modulation  to  decrease  the  band  of 
frequencies  required  per  channel  and/or  to 
improve  the  effective  signal  to  noise  per¬ 
formance,  and  increase  th->  effective  range  per 
channel. 

The  rapid  advance  of  the  communication 
equipment  suppliers  has  imposed  continuous 
demands  upon  the  quartz  crystal  industry  to 
provide  resonators  having  the  prerequisite 
stability,  particularly  over  the  broad  and 
severe  environmental  conditions  associated 
with  military  communications. 

In  a  paper  presented  at  the  1?69  Annual 
Symposium  on  Frequency  Control,  Owen  P.  Layden 
outlined  the  requirements  for  "secured  voice" 
communications  for  tactical  military  use.  1 
If  successful,  Mr.  Shannon's  "bits"  of 
Information  theory  would  be  utilized  in  a 
most  effective  way.  But  this  could  only  be 
made  possible  by  meetir-'  very  stringent 
stability  requirements  for  both  transmitter 
and  receivers  in  the  network.  For  example, 
at  30  MHz  the  transmitter  and  receiver  can 
have  a  difference  frequency  of  no  more  than 
5  Hz  which  allows  2.3  Hz  for  each  equipment. 

In  addition,  the  system  must  operate  for 
120  weeks  without  calibration.  Figure  1, 
borrowed  from  Mr.  Layden's  papar,  recalls 
these  specifications.  It  shows  the  aging 
per  week  V3.  the  frequency- temperature 
stability  roquirerl.  It  can  be  readily  seen 
that  there  is  a  trada-off  between  aging  and 
frequency  stability.  Current  state  of  the 
art  aging  for  a  30  MHz  system  using  a  3  MHz 
fundamental  crystal  unit  is  5>xl0“10/week. 

From  Figure  1,  this  would  require  a  frequency 
stability  over  the  temperature  ambiont  of 
2x10"°.  Actually,  aging  is  approximately 
an  exponential  function  of  time,  hence  a 
crystal  which  reached  an  aging  rate  of 
5xl0'10/weok  after  two  month  operation  would 


allow  the  system  engineer  to  design  to 
5xlO"8  ambient  stability. 

Performance 

Under  Contract  EA-28-0U3-AMC-02183,  with 
the  U.  S.  Army  Electronics  Command,  the  CTS 
Knights  Company  undertook  the  task  of 
developing  quartz  crystal  units  to  meet 
these  requirements.  After  a  couple  of  less 
successful  attempts  a  group  of  crystal  units 
was  submitted  that  were  3  MHz  fundamental 
mode  housed  in  coldveld  equivalents  of  HC -6/U 
type  holders.  These  units  mot  all  of  the 
parameter  specifications,  and  typical  aging 
behavior  is  exhibited  in  Figure  2.  The 
aging  data  shown  horo  was  supplied  by  the 
USAECOM.  We  see  that  for  the  best  units 
the  aging  per  week  is  less  than  5x10-10. 

These  units  had  been  aged  a  minimum  of  two 
weeks  prior  to  shipping. 

The  aging  Just  discussed  was  obtained 
with  the  crystal  resonators  in  what  might 
be  called  non-operating  modes.  This  is  to 
say  that  the  units  wore  operating  during 
the  tost  periods  only  long  enough  to  take 
readings.  To  further  investigate  the 
behavior  of  a  crystal  unit  under  more  or  less 
continuous  operation,  a  precision  ovenized 
oscillator  was  designed  so  that  the  crystal 
current  could  be  changed  or  the  oscillator 
turned  off  without  interrupting  the  oven 
operation.  We  believe  it  is  of  special 
interest  to  study  the  retrace  characteristics 
of  a  resonator  that  result  from  turning  off 
the  excitation  and  maintaining  the  resonator 
and  circuitry  at  constant  temperature.  The 
assumption  here  is  that  any  transferable 
mass  due  to  residual  contamination  will 
settle  on  the  quiescent  crystal  with  its 
relatively  high  "gottering"  properties 
(when  the  oscillator  is  turned  off)  only 
to  be  driven  off  by  the  combination  of  a 
slight  increase  in  temperature  and  the 
motion  of  the  resonator  when  the  oscillator 
is  reactivated.  The  frequency  change 
resulting  is  one  of  the  more  positive 
indicators  of  transferable  mass  residue 
retained  in  the  enclosure. 

Figures  3  and  h  show  ths  behavior  of  one 
of  these  crystals  in  the  special  oscillator 
previously  described.  The  important  points 
to  be  considered  in  Figure  3  are  the 
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resonator's  behavior  as  a  result  of  change  in 
crystal  current  and  of  oscillator  power  off, 
and  of  oscillator  and  oven  power  off.  First, 
vs  see  that  the  data  starts  2lt  days  after 
turn  on  and  with  the  crystal  operating  at 
6  raa  current.  Then  there  was  a  one  day  period 
of  power  off  followed  by  a  return  to  operation 
at  a  lower  crystal  current  of  0.7  na.  This 
change  in  drive  level  of  37  db  produced  an 
off  set  in  frequency  of  -1.75x10-6  which  is 
approximately  5xl0“?/db.  The  data  was 
normalized  to  show  the  slight,  if  any,  change 
in  aging  rate  under  the  two  drive  conditions. 
Second,  on  the  f&th  day,  the  oscillator  power 
was  turned  off  for  2h  hours.  When  returning 
to  the  power  on  condition,  the  aging  was 
again  unaffected.  This  time,  since  there  was 
no  drive  change,  there  was  no  need  to  normalize 
the  data.  The  retrace,  if  any,  was  less  than 
1x10-9.  The  insert  on  the  upper  left  hand 
of  the  chart  shows  the  performance .on  a 
minute  by  minute  basis.  The  frequency  ex¬ 
cursion  occurring  during  the  first  few  minutes 
of  operation  is  small  and  might  well  be  the 
result  of  thermal  stress  which  is  produced 
by  the  return  to  oscillation.  However, 
since  the  frequency  returned  in  twenty  minutes 
to  within  2x10-10,  it  is  assumed  that  the 
retained  contamination  would  not  prevent 
predictable  retrace  behavior  of  less  than 
1x10“°.  This  behavior  is  Indicative  of  a 
quality  resonator  free  from  reversible  aging 
components.  Third,  after  58  days  of  evaluation 
the  power  to  both  the  oscillator  and  oven  were 
turned  off  for  a  period  of  It  dayB.  Wo  see 
the  retrace  is  lixl0“9  and  the  aging  rate 
recovered  within  2h  hours.  Figure  Ij  is  the 
hour  by  hour  retrace  Just  discussed  and  shows 
a  recovery  to  8x10-9  of  the  turn  off  frequency 
within  2  hours.  After  26  hours,  we  are  within 
J  iixlO-9  of  the  turn  off  frequency. 

Summing  up  Figures  3  and  1»,  of  extended 
'  operation,  ye  have  a  positive  aging  occurring 

|  over  a  time  period  of  2  months  after  which 

i  we  reach  an  aging  behavior  of  approximately 

j'  lxlO-l°/day  and  retrace  behavior  of  less 

than  5x10-9.  We  believe  the  relatively  long 
stabilization  period  shown  here  is  due  to 
circuit  components  other  than  the  crystal, 
because  previously  this  crystal  unit  had  an 
initial  aging  of  approximately  5xl0-10/week 
under  intermittent  operating  conditions. 

Having  a  resonator  oapable  of  the 
1  performance  shown  on  the  previous  figures 

i  challenges  the  oscillator  designer  to  make 

I  optimum  use  of  the  device  by  providing  a 

compact  temperature-compensated  oscillator 
which  will  meet  the  service  requirements  for 
"secured"  single  side  band  voice  communica¬ 
tions  as  previously  set  forth. 

Figure  5  is  a  curve  of  frequency  vs. 


temperature  for  such  a  compensated  oscillator 
unit  designed  by  Dr.  D.  E.  Newell.  The 
temperature  in  the  thermal  chamber  was  varied 
by  10°C  steps  and  allowed  to  stabilize  for 
30  minutes  between  readings.  The  30lid  line 
was  obtained  by  moving  up  in  temperature  and 
the  dotted  line  by  moving  down  in  temperature. 
The  corresponding  data-points  on  both  curves  • 
were  made  at  the  same  temperature  within 
0.5‘C.  We  see  that  the  frequency  stability 
of  +  5x10-6  (or  +  2.5  Hz)  is  met  over  the 
range  of  -bo  to  +80°C  as  required.  It  should 
bo  stated  that  Dr.  Newell  used  the  segmented 
compensation  approach  in  the  above  design. 

Crystal  Design 

The  design  and  processes  to  produce 
these  crystal  units  was  reported  on  in 
detail  in  the  Final  Report  on  Contract 
DA-28-0li3-AMC-02l83  '.‘or  the  USAECOM.  In 
general  this  work  was  done  under  the  hypothesis 
that  crystal  resonators  could  be  rendered 
stable  with  regard  to  the  three  major  design 
and  fabrication  areas  outlined  a3  follows: 

1.  Crystal  units  were  purged  of  mass 
sorption  contaminants  by  high 
temperature  vacuum  baking  (250°C) 
in  an  ultra  clean  system. 

2.  No  major  reversible  temperature 
induced  stress  was  generated  in  the 
fabrication  which  could  not  be 
relieved  to  a  linear  retraceable 
phenomena  prior  to  being  subjected 
to  actual  field  use. 

3.  That  the  purging  and  stress  relieving 
techniques  used  must  not  in  any  way 
deteriorate  the  viability  of  the 
materials  involved. 

To  accomodate  the  relatively  high  edge  motion 
of  the  fundamental  mode  resonator,  viable 
conducting  cements  capable  of  processing 
temperatures  approaching  300°C  were  used, 
and  bake-out  temperatures  and  operation 
sequences  wore  critically  selected.  To 
collect  the  expurgated  contaminants,  the  base 
mounted  resonators  ware  pumped  down  and  baked 
out  in  glass  enclosures  and  then  removed  from 
these  enclosures  just  prior  to  introduction 
to  the  high  temperature,  high  vacuum  seeling 
machine.  Completed  sealed  units  were  cycled 
over  temperature  extremes  while  being 
intermittently  activated  by  a  sweep  oscillator 
to  strain  relievo  the  assemblies. 

Figure  6  is  a  picture  of  the  crystal 
units  in  the  interim  stage  after  being 
enclosed  in  glass  and  baked  out  under  high 
vacuum  for  several  hours. 
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Figure  7  is  a  picture  of  the  special 
high  temperature  high  vacuum  machine  designed 
to  vacuum  bake  and  col  droid  the  units  under 
ultra  clean  conditions  The  crystal  units 
travel  through  the  device  on  a  chair,  conveyor 
and  the  cans  and  units  are  manipulated  in 
and  out  of  the  coldrold  die  by  means  of  the 
bellows-sealed  high  vacuum  manipulator  shown 
protruding  from  the  machine. 

Conclusion 

It  would  seem  important  to  consider  the 
matter  of  expected  life  or  very  long  stability. 
It  must  be  recognized  that  the  cement  is  the 
one  organic  material  remaining  in  the 
enclosure.  Since  it  is  reasonable  to  assume 
that  the  consistent  performance  of  the  crystal 
unit  will  depend  xipon  the  viability  of  the 
cement,  additional  tests  should  embrace 
continuously  working  as  roll  as  non  working 
conditions  at  various  temperatures.  Micro¬ 
scopic  and  chemical  studies  of  the  physical 
and  or  chemical  changes  in  the  cement  and  its 
interface  relations  would  be  desirable  during 
the  investigation. 

Although  the  data  presented  is  admittedly 
limited,  the  possibility  of  providing  the 
t9mpera tune -compensated  crystal  oscillator 
designer  with  crystal  units  which  will  meet 
the  "secured  voice"  single  side  band  require¬ 
ments  for  operation  at  30  MHz  has  been 
established. 
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Summary 

Quartz  resonators  of  5  MHz  fundamental  fre¬ 
quency  have  been  fabricated  for  meeting  the 
requirements  of  fast  warm-up  time  and  aging  rate 
for  the  SSB,  secure-voice  communications  system 
planned  for  the  future.  These  requirements  were 
discussed  by  Owen  P.  Layden  of  the  U.  S.  Army 
Electronics  Command  during  the  23rd  Annual 
Symposium  on  Frequency  Control,  April  1969. 

Measurements  of  resonator  series  resistance 
(Rs)  vs  gas  pressure  (P„as)  in  atmospheres  of 
argon,  air,  and  helium  nave  shown  that  air  and 
argon  at  50  torr  cause  the  Rs  value  to  Increase 
by  a  factor  of  about  two.  With  helium,  however, 
a  pressure  of  about  50  torr  does  not  appreciably 
increase  the  value  of  Rg  from  that  obtained  in 
vacuum. 

Studies  of  methods  of  heating  the  resonators 
have  shown  that  convection  ovens  preset  to  85°C 
require  about  10  minutes  to  heat  a  resonator  to 
the  operating  temperature  regardless  of  the 
design  of  the  crysLal  unit.  An  oil  bath  preset 
to  85°C  heats  the  resonator  more  rapidly  provided 
the  holder  and  the  leads  are  submerged  in  the 
oil.  Oil  bath  heating  was  used  for  the  fast 
warm-up  studies  and  also  for  the  thermal  repeat¬ 
ability  studies. 

The  effect  of  helium  pressure  in  the  holder 
on  resonator  warm-up  time  was  found  to  be  small 
for  helium  pressures  between  740  and  about  10 
torr. 


Aging  races  of  less  than  5  X  KT^/week  at 
85°C  have  been  obtained  for  gold-plated  units  in 
11C-6  cold-weld  holders  after  evacuating,  baking, 
and  then  sealing  in  commercial  grade  helium  at 
10  to  50  torr.  Copper-plated  units  sealed  in 
helium  have  given  less  consistent  results, 
although  some  were  better  than  tie  gold-plated 
units  after  about  1000  hours  of  tging  at  85°C. 

Thermal  repeatability  measurements  were  made 
on  aged  units  stored  between  measurements  at 
-10'C.  The  frequency  of  the  unit  measured  after 
three  days  in  the  oil  bath  at  85°C  was  the  refer¬ 
ence  for  these  tests.  Prior  to  warm-up,  the  unit 
was  stabilized  at  0°C  and  then  transferred 
promptly  to  the  oil  bath.  The  frequency  was 
recorded  each  minute  to  10  minutes,  then  at 
10-mlnute  intervals  to  one  hour.  This  cycle  was 
repeated  daily  for  four  days,  then  once  a  week. 


No  significant  uncertainty  in  frequency  measure¬ 
ment  was  noted  other  than  that  of  +2  X  10-8 
caused  by  the  periodic  variation  of  the  oil  bath 
temperature. 


U1  UC" 


me  ubAKio  cecnmcai  requirements 
quency  repcscability  of  +1  X  10~?  _ 

8  at  one  hour 


- j  -_r - j  —  ..  „  at  one  minute, 

+5  X  10“°  at  two  minutes,  +1  X  10" 
were  approximated.  With  both  gold  and  copper- 
plated  5  MHz  crystals,  a  small  change  from  the 
reference  frequency  was  found  during  Che  first 
few  days.  Thereafter,  the  repeatability  appears 
to  be  within  +5  X  10”’. 


Selection  of  Holder  Filling  Gas 
Introduction 


Consideration  of  the  problem  and  the  per¬ 
formance  of  a  few  experiments  showed  that  the 
crystal  holders  must  be  gas  filled,  rather  than 
evacuated,  to  meet  fast  warm-up  requirements. 

The  first  questions  to  be  answered  were  then: 

(1)  which  gas  should  be  used,  and  (2)  to  what 
pressure  should  the  holder  be  backfilled. 

Thermal  Conductivity  of  Various  Cases 

The  thermal  conductivity  and  density  data 
used  to  construct  the  bar  graph  of  Figure  1  were 
obtained  from  the  literature.  Note  that  as  the 
density  of  the  gas  decreases,  its  thermal  con¬ 
ductivity  increases.  The  fact  that  the  least 
dense  gases  are  also  the  best  heat  conductors  is 
a  factor  of  considerable  value  as  will  be  seen 
later. 


Data  in  Figure  2  relate  R  to  P  in  the 
holder  for  argon,  air,  and  helium;  ““the  densi¬ 
ties  of  which  are  1.78,  1.29,  and  0.18  g/1 
respectively  at  STP.  At  1  torr  .and  below  Rs  is 
at  its  lowest  value  and  is  independent  of 
the  residual  gas.  The  pressure  of  helium  could 
be  increased  to  50  torr  before  a  measurable 
increase  in  Rs  was  noted.  However,  for  air  and 
argon  Rs  doubled  at  50  torr  and,  of  course,  the 
resonator  Q  decreased  by  a  factor  of  two. 

Hydrogen  should  give  similar  results  to 
those  obtained  with  helium,  but  we  preferred  the 
use  of  an  inert  gas,  so  helium  was  selected  as 
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the  most  promising  gas  for  additional  work. 


Additional  Measurements 


At  this  point  we  investigated  methods  of 
heating  the  resonators  and  recording  the  data. 
Heating  of  the  holder  by  an  85°C  "slug"  placed 
over  the  holder  cap  was  not  used  because  of  the 
uncertain  thermal  contact.  Figure  3  shows  the 
warm-up  times  obtained  by  placing  crystal  units 
in  an  air  oven  preset  to  85°C.  The  warm-up  time 
was  about  10  minutes  regardless  of  the  atmos¬ 
phere  in  the  holders.  Figure  3  also  shows  the 
results  obtained  when  the  same  crystals  were 
immersed  in  an  85°C  oil  bath.  The  oil  used  was 
mechanical  vacuum  pump  oil.  The  oil  bath  heating 
method  gave  data  consistent  with  the  experimental 
variables  and  was  used  for  all  of  the  warm-up 
experiments  including  the  thermal  repeatability 
measurements  to  be  reported  later.  It  is  impor¬ 
tant  that  the  crystal  holder,  pins,  socket  and 
lead  wires  be  immersed  in  the  oil  as  will  be 
shown  subsequently.  The  oil  causes  the  resonator 
frequency  to  change  about  -  4  parts  in  107  but 
there  is  no  measurable  change  in  Rg  and  thus  no 
loss  of  Q. 

Data  Readout 


As  stated  previously,  it  is  necessary  that 
the  entire  resonator  including  the  pins  and 
electrical  connection  be  immersed  in  the  oil 
bath  in  order  to  obtain  reproducible  data.  An 
example  of  warm-up  time  measurements  with  only 
the  cap  in  the  oil  is  shown  in  Figure  6.  The 
crystal  unit  frequency  did  not  return  to  the  ' 
reference  frequency  in  nine  minutes  because  heat 
was  being  lost  by  the  wafer  through  the  leads  at 
almost  the  same  rate  it  was  being  received 
through  the  walls  of  the  cap.  The  Indicated 
null  point  at  0.8  minutes  is  an  artifact  caused 
by  a  low  turning  point  in  this  particular  crys¬ 
tal. 


Aging  rates  and  Q  values  of  5th~overtone 
5  MHz  units  are  usually  superior  to  fundamental 
resonators,  but  such  units  probably  can  not  be 
used  since  they  will  not  meet  the  fast  warm-up 
specifications.  Figure  7  shows  the  warm-up  data 
for  an  overtone  unit  scaled  in  air  at  740  torr. 
The  10"7  crossover  occurred  about  seven  minutes 
after  total  immersion  in  the  85°C  oil  bath;  a 
similar  unit  using  a  fundamental  quartz  plate 
reached  the  10-7  crossover  in  1.5  minutes.  Thus 
the  overtone  unit  containing  five  times  as  much 
quartz  as  the  fundamental  unit  required  almost 
five  times  longer  to  heat. 


Digital  warm-up  time  measurements  were 
obtained  as  shown  in  Figure  4  for  the  Slow- 
heating  evacuated  units  or  for  ones  heated  in 
the  air  oven.  The  crystal  impedance  bridge  was 
balanced  and  the  frequency  read  from  the  synthe¬ 
sizer  foi  each  data  point.  Although  this  method 
is  laborious  it  is  accurate  within  a  few  parts  in 
109. 

Analog  warm-up  time  measurements  were 
obtained  for  the  fast-heating,  gas-filled  units 
in  the  oil  bath.  The  7  axis  of  a  T-Y  recorder 
was  used  as  the  null  detector  of  a  synthesizer 
driven, crystal-impedance  bridge.  After  the  base 
line  was  established  and  the  reference  frequency 
measured  (at  85°C),  the  synthesizer  was  offset 
0.5  Hz  and  the  error  signal  representing 
+1  X  10  '  was  established  and  labeled.  Similarly, 
the  er  jx  signal  at  a  frequency  offset  of  5  Hz 
was  ..tablished.  The  synthesizer  frequency  was 
then  returned  to  the  reference  frequency  and  the 
crystal  unit  removed  from  the  oil  bath.  After  a 
cooling  period  (the  temperature  to  which  the 
units  were  cooled  was  varied  from  room  tempera¬ 
ture  to  -40<>C)  the  unit  was  returned  to  the  oil 
bath  and  simultaneously  the  recorder  was  started. 
The  T  axis  of  the  recorder  was  then  used  to  time 
when  the  resonator  frequency  crossed  the  pre- 
established  "off-set"  frequency  levels,  os  shown 
in  Figure  5.  The  crystal  being  measured  was  a 
5  MHz  fundamental  unit  scaled  in  an  HC-6  holder 
at  100  torr  of  helium.  The  10 7  crossover  was 
reached  in  about  0.6  minutes,  which  is  typical 
for  such  units;  the  precision  of  measurement  was 
about  +2  parts  in  i0“. 


Determination  of  Optimum  Helium  Pressure 


The  final  step  before  proceeding  with  the 
next  phase  of  the  project  was  to  determine  the 
optimum  helium  pressure  in  the  sealed  holder  for 
meeting  the  fast  warm-up  specifications  and  main 
tainlng  maximum  resonator  Q.  The  experimental 
results  are  shown  in  Figure  8;  oil-bath  heating 
and  analog  readout  were  the  conditions  used. 

The  time  plotted  is  that  required  to  reach  the 
10-7  crossover  starting  at  room  temperature. 
Several  of  the  points  were  rechecked  using  the 
total  dynamic  temperature  range  of  -40  to  +85°C 
and  warm-up  times  only  0.1  minute  longer  than 
those  shown  were  obtained.  Note  that  for  a 
considerable  pressure  range  below  740  torr  the 
warm-up  time  was  relatively  independent  of  the 
gas  pressure.  This  observation  is  consistent 
with  the  literature  relating  the  thermal  conduc¬ 
tivity  and  pressure  of  the  gases  used  in  these 
experiments. 


Based  on  the  data  shown  in  Figures  2  and  8, 
the  optimum  helium  pressure  range  In  the  holder 
should  be  between  10  and  50  torr.  The  10  torr 
value  was  determined  by  the  warm-up  measurements 
and  gave  a  warm-up  time  to  the  10"7  crossover  of 
0.8  minutes  for  a  temperature  range  of  -40  to 
+85°C.  The  50-torr  value  had  been  obtained 
previously  and  is  the  maximum  helium  pressure 
that  can  be  used  without  appreciable  loss  of  Q. 


Summary  of  Phase  I 

The  method  used  to  meet  the  fast  warm-up 
requirements  is  summarized  in  the  following 
paragraphs. 


weekly  thereafter  they  were  placed  in  the  oil 
bath  for  60  minutes  during  which  time  the  fre¬ 
quency  was  measured  using  digital  readout.  This 
procedure  is  called  a  "cycle"  for  convenience. 
The  data  obtained  are  shown  in  Figure  12. 


(1)  Five  MHz  fundamental  quartz  wafers 
should  be  used. 

(2)  Particular  attention  should  be  paid  to 
angle  control  so  as  Co  place  the  upper  turning 
point  at  exactly  85°C.  Activity  dips  over  the 
temperature  range  of  -40  to  +85°C  should  be 
eliminated  if  possible. 

(3)  The  metal  holder  should  have  the  HC-6 
configuration  with  the  quartz  centrally  located 
so  as  to  allow  uniform  heating  or  cooling  of  each 
major  surface. 

(4)  The  holder  must  be  evacuated,  then 
refilled  with  10  to  50  torr  of  helium  before  cold- 
weld  sealing. 

(5)  Electrical  connection  to  the  plating 
can  either  be  made  by  ultrasonic  bonds  or  con¬ 
ducting  cement  -  the  results  were  similar. 

Aging  of  Resonators  in  Helium-Filled  Holders 


Gold-plated  resonators  typically  aged 
positive  at  a  rate  of  about  1  X  10“®/day  during 
the  first  few  days,  after  which  they  became  very 
stable.  This  effect  is  displayed  in  the  upper 
graph  section  shown  in  Figure  12.  Here  the  ninth 
cycle  data  are  given  relative  to  the  original 
reference  frequency.  In  the  lower  section,  the 
ninth  cycle  data  are  re-plotted  relative  to  a 
new  reference  frequency  obtained  during  the 
fourth  cycle  when  the  aging  was  about  complete. 
Frequency  stabilization  by  temperature  cycling 
is  not  a  new  concept,  but  seems  to  be  especially 
important  for  units  intended  for  fast  warm-up 
operations. 

Copper-plated  resonators  behaved  similarly 
to  gold-plated  ones  except  the  shift  of  fre¬ 
quency  was  negative.  After  this  initial  aging 
process  the  thermal  repeatability  was  as  good  as 
that  obtained  with  gold-plated  units. 


Introduction 


When  a  method  for  fabricating  crystal  units 
capable  of  meeting  the  warm-up  specifications 
was  completed,  the  next  step  was  to  determine 
the  long-term  aging  effect  of  helium  filling  at 
85 °C  and  under  conditions  of  thermal  cycling. 
Twenty  resonators  plated  with  gold  and  twenty 
with  copper  were  fabricated  for  this  study.  All 
were  given  a  low-pressure  bakeout  before  back¬ 
filling  with  10  to  50  torr  of  commercial-grade 
helium. 

Aging  of  Gold-Plated  Units  at  85°C 


The  aging  characteristics  of  evacuated  gold- 
plated  5  MHz  resonators  was  presented  at  last 
year's  symposium  by  Belser  and  Hicklin.  The 
aging  of  similar  units  in  helium-filled  holders 
was  less  in  most  cases  than  the  evacuated  crys¬ 
tals.  A  typical  aging  curve  is  shown  In  Figure  9. 
There  was  no  apparent  difference  in  the  aging  of 
units  sealed  at  low  and  high  helium  pressures. 

Aging  of  Copper-Plated  Units  at  85°C 

The  aging  of  copper-plated  resonators  in 
helium-filled  holders  was  less  consistent  than 
similar  gold-plated  ones.  Units  helium-filled  in 
the  low  torr  range  frequently  had  low  aging  rates 
as  shown  in  Figure  10.  Helium-filling  in  the 
high  torr  range  frequently  caused  high  negative 
aging  rates  as  shown  in  Figure  11.  The  reason 
for  this  anomalous  behavior  was  not  determined. 

Thermal  Repeatability  Measurements 

Resonators  having  several  hundred  hours  of 
aging  at  85'C  were  transferred  to  an  85°C  oil 
bath  for  a  reference  frequency  measurement  and 
then  stored  at  -10oC.  Each  day  for  one  week  and 


Summary  of  Phase  II 


The  aging  of  gold-plated  units  in  helium- 
filled  holders  at  85°C  is  at  least  as  good  and 
frequently  better  than  those  in  evacuated 
holders.  Copper-plated  resonators  have  given 
less  consistent  performance  but  the  problem  is 
probably  one  of  "quality  control." 


During  the  first  few  days  of  thermal  repeat¬ 
ability  measurements,  aging  rates  of  about 
+1  X  10-*Vday  are  obtained  for  gold-plated  and 
(Topper-plated  units.  Frequency  stability  is 
usually  obtained  in  one  week  or  less  in  either 
case  after  which  the  aging  is  as  good  or  better 
than  that  obtained  at  85*0. 


Recommendations  for  Future  Research 


Crystals  meeting  the  warm-up  and  aging 
requirements  can  be  fabricated  using  state-of- 
the-art  laboratory  techniques.  The  design  of 
ovens  and  electronic  circuits  to  complete  the 
frequency-control  package  should  be  started. 
The  fast  warm-up  oven  may  present  a  special 
problem,  the  solution  of  which  may  require  a 
design  "break-through." 
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THERMAL  COrtOUCTlVITY  (XlO*> 


B«r  Craph  of  Thenul  ConductlvltU*  and  Dcnsltf*#  of  Argon,  Nitrogen, 
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DAYS  OF  STORAGE  AT  85*C 
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THERMAL  REPEATABILITY  REFERRED  TO 
ORIGINAL  REFERENCE  FREQUENCY 


FIGURE  12 
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THE  DIRECT  TEMPERATURE  CONTROL 


OF  QUARTZ  CRYSTALS 
IN  EVACUATED  ENCLOSURES 


G.  Tinta,  A.  S.  Matistic,  and  G.  A. 
Frequency  Electronics,  Inc. 
New  Hyde  Park,  New  York  11040 


Laaasse 


Summary 

This  paper  presents  a  method  for 
direct  temperature  control  of  a  quartz 
crystal  in  an  evacuated  enclosure.  The 
crystal  enclosure  acts  as  a  Dewar  Flask, 
and  the  heat  exchange  with  the  ambient, 
when  compared  with  conventional  crystal 
ovens,  is  greatly  reduced.  Thin  metal¬ 
lic  films  deposited  on  the  crystal 
surface  and  traversed  by  electric 
currents  were  used  as  contact  heaters. 
Thus  the  time  required  for  temperature 
stabilization  is  very  short. 

The  thermal  and  piezoelectric 
behavior  of  quartz  crystals,  temperature 
controlled  by  contact  heaters,  is  ana- 
lyzed,  and  the  experimental  results  are 
reported.  The  acquired  information 
could  be  useful  for  the  design  of  micro¬ 
oven  integrated  systems.  The  feasi¬ 
bility  of  integrated  micro-oven  crystal 
oscillators  is  demonstrated. 

This  method  shows  promise  in 
bjildinq  temperature  controlled  crystal 
oscillators  of  very  small  size  and  power 
requirements  and  perhaps  opens  a  new 
approach  for  achieving  Pcltier-ef feet 
cooled  units. 
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Heater,  Integrated  Micro-Oven,  Tempera¬ 
ture  Control,  Analysis,  Experimental 
Results. 


compensation  networks. 

For  accurate:  temperature  measure¬ 
ments,  precision  thermistors  were  bonded 
to  the  quartz  crystals,  in  positions  in 
which  the  oscillations  were  not  dis¬ 
turbed.  The  resulting  dissipation 
constant  inside  the  evacuated  enclosure 
of  the  crystal  was  measured  using  the 
self-heating  characteristic  of  these 
thermistors.  The  results  obtained 
indicated  that  it  is  possible  to  heat 
quartz  crystals  to  high  enough 
temperatures  with  relatively  small 
amounts  of  power.  Third-overtone,  AC-cut 
crystals  with  essentially  linear 
frequency  versus  temperature  variation 
(about  +20  PPM/°C  coefficient)  were  used 
in  these  tests. 

Heat  Transfer 

The  heat  transfer  between  the  heater 
and  the  crystal  is  essentially,  m  our 
case,  a  conduction  process.  The  heat 
energy  is  supplied  from  an  external  power 
source  in  the  form  of  an  electric  power, 
which  is  transformed  into  heat  through 
the  heater  itself. 

Roughly,  if  ig  is  the  supplied  power 
(in  watts),  andziT  the  difference  in 
temperature  between  the  heater  and  the 
crystal  in  the  contact  area,  then: 


ls  = 


(1) 


Introduction 

Previous  experiments,  in  which 
quartz  crystals  were  heated  through  a 
direct  contact  with  a  warmer  body  placed 
inside  the  crystal  holder  case,  were 
performed  in  the  course  of  a  general 
study  concerning  the  thermal  behavior  of 
the  crystals  used  for  temperature 
compensated  oscillators. 

The  problems  under  study  were 
related  to  the  frequency  instabilities 
occurring  in  TCXO's  at  abrupt  tempera¬ 
ture  changes  as  a  result  of  different 
time  constants  of  quartz  crystals  and 


where  Rs  could  be  considered  a  heat 
transfer  resistance,  measured  in  °C/watt 
(or  °K/watt)  units. 

The  heat  transfer  from  the  inside  of 
the  crystal  holder  case  to  the  external 
surfaces  is  more  complex,  involving: 

1.  Conduction  through  all  the  leads 
in  (thermal)  contact  with  the  crystal 
body,  i.e.,  through  the  crystal  elec¬ 
trodes  connected  to  the  holder  base  pins, 
through  the  heater  leads  and  pins  and 
eventually  through  the  control  thermistor 
leads,  if  used.  Conduction  is  also 
involved  in  the  heat  transfer  between 
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different  points  of  the  crystal  holder 
case.  This  process  could  be  described 
with  the  same  type  of  general  equation 
as  (1),  in  integral  form: 

ic  =  sAT  (2) 

% 

There  is,  in  our  case,  a  physical 
difference  between  Rs  and  Rm;  Rs  being 
practically  a  contact  resistance,  while 
Rm  applies  rather  to  longitudinal 
structures.  Here, AT  corresponds  to  the 
temperature  difference  between  the 
extremities  of  the  heat  conductor. 

2.  Radiation  exchanges  between  the 
crystal  body  (including  the  heater)  and 
the  crystal  holder  case.  For  discussion 
purposes  and  assuming  uniform  tempera¬ 
tures  for  the  crystal  (Tx)  and  for  the 
case  (Tc) ;  the  heat  flow  ir  (watts) 
could  be  considered  as  being  represented 
by: 

ir  =  kxTx4  -  k2Tc4  (3) 


R3:  The  resultant  thermal  resis¬ 
tance  between  the  crystal  body 
and  the  crystal  case,  corre¬ 
sponding  thus  to  radiation 
exchanges  and  conduction 
between  base  pins  and  case. 

The  polished,  smooth  surfaces 
of  the  cold-welded  holder 
reduce  radiation  loss.  The 
experimental  results  have 
indicated  that  this  resistance 
may  practically  be  considered 
as  linear. 

R2:  the  thermal  insulation  resis¬ 
tance  of  case. 

Rc:  the  equivalent  thermal  resis¬ 
tance  for  the  temperature 
control  system  (if  used) . 

Cl:  the  thermal  capacitance  of  the 
crystal  body  (J/°C) . 

C2:  the  thermal  capacitance  of  the 
case. 


where  Tx  and  Tc  are  measured  in  °K 

kjL  and  k2  are  global  factors, 
including  areas,  radiation, 
reflection  and  absorption  constants 
of  the  crystal  body  and  of  the  case. 

For  a  given  Tx,  an  equivalent 
thermal  resistance  Rr,  as  in  equations 
(1)  and  (2)  will  be  a  nonlinear  function 
of  Tc. 


Tx:  the  crystal  temperature 

Tc:  the  case  temperature 

El:  the  ambient  temperature 

E2 :  the  reference  temperature  of 
the  control  system  (if  used) . 

Thermal  Analysis 

Steady  Conditions 


3.  Convection  through  residual 
gases  in  the  crystal  case  becomes 
negligible  when  the  enclosure  is 
properly  evacuated. 

The  heat  transfer  from  the  external 
surfaces  of  the  crystal  case  and  pins  to 
the  ambient  is  also  complex  but  could  bo 
considered,  as  in  the  Newton  cooling  law, 
as  a  linear  process.  In  this  way,  a  new 
thermal  resistance,  Rn,  is  introduced. 

The  thermal  lumped  constant  equi¬ 
valent  circuit  of  an  internally  heated 
crystal  could  be  represented,  using 
electrical  symbols,  as  in  Figure  1. 

In  thi v  schematic, 


It  is  possible  to  determine  the 
values  of  Ri,  R2,  and  R3  by  measurement 
of  temperatures  (using  appropriate 
sensors,  for  example  thermistors)  and  of 
heating  power. 


If  the  crystal  is  heated  with  a 
constant  power  i ,  we  have 


V,  =  T 
1  x 


Rl (R2  +  R3 ) 
'1  =  R,  +  R„  +  R, 


(4) 


V_  =  T  -  E  = 


R1  R2 


(5) 


Rj:  represents  the  thermal  resis¬ 
tance  between  the  crystal  body 
and  the  ambient  medium.  It  is 
advantageous  to  increase  this 
resistance  as  much  as  possible, 
therefore  using  thin,  long 
leads  inside  the  case  and  thin, 
short  pins  outside,  (°C/W) . 


Immersing  the  crystal  case  in  an  oil 
bath  maintained  at  the  constant  tempera¬ 
ture  Ei,  a  thermal  shortcircuit  of  R2  is 
obtained.  In  this  case,  for  the  same  Tx 
is  necessary  to  use  a  larger  power ,  i ' . 


R.R- 

T  -  E  -  — — -  i  1 

a  bl  R,  +  R, 


(6) 
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From  (4),  (5),  and  (6),  one  obtains 

(7) 


v2 

R1  =  i  -  i'  <1  -  V^Vj) 


tal  body  is  deemed  as  being  split  into 
two  sections.  It  is  possible  to  draw 
some  practical  conclusions  even  without 
going  into  a  detailed  thermal  analysis. 


Vo 


R2  = 


(i'-i)  (l-Vj/V^ 


Txt  is  close  to  Tx"  if  the  heat  is 
(8)  brought  in  a  proportional  measure  with 

the  heat  loss  at  each  point. 

Too,  it  is  possible  to  obtain  better 
temperature  uniformity  if  the  heat  loss 
O)  resistances  are  higher. 


Transient  Response 


These  findings  were  adhered  to  in 
the  construction  of  the  contact  heaters. 


The  thermal  transient  response  to  a 
step  function  of  the  heating  power  can  be 
obtained  using  the  classical  heat  dif¬ 
fusion  equations  or  applying  the  Laplace 
transform. 

The  simplest  case  corresponds  to  a 
thermally  shortcircuited  R2;  we  have 

dv  V  V 

i1  U(t)  =  C,  III  +  _1  +  _1  (10) 

dt  Rj  R3 

and  correspondingly 


Contact  Heaters 

Material 

The  contact  heaters  were  built  by 
vacuum  depositing  thin  resistive  films  on 
the  crystal  surface.  Various  metals  were 
used  for  this  purpose,  namely  aluminum, 
nickel,  and  platinum.  Aluminum  was  se¬ 
lected  because  of  its  low  specific  weight, 
high  electric  conductivity .  The  contact 
heater  would  be  very  light,  thus  practi¬ 
cally  eliminating  some  motional  influence 
on  the  operation  of  the  quartz  crystal. 


Vi(s) 


ii  1 

C1  s(s  +  |.) 


where  V  =  R3C1R1/(R3  +  V 


(11)  This  material  being  also  used  for 

the  crystal  electrodes,  the  manufacturing 
process  could  also  be  simplified.  How¬ 
ever,  aluminum  gave  unsatisfactory 
results  with  respect  to  the  heater 
resistance  stability. 


t 

-V 


Finally  we  obtain 

Vjt)  =  i’  R3(l  -  e  ~  ) 

which  is  the  well-known  exponential  form 
If  R3  is  not  shortcircuited,  it 

1 


results 


(12) 


(13) 


Vx(s)  =  |  - 


sC 


1  +  + 


1  R  +  "2 

K3  r  R3  +  R2/(sC2R2+l) 


The  shape  of  V,(t)  is  not  very  much 
different  from  (12);  it  resembles  the 
transient  response  of  a  RC  transmission 
line  at  a  step  function  of  electric 
current. 1 

Temperature  Uniformity 

In  order  to  study  the  problem  of  the 
temperature  distribution  in  the  crystal 
body,  it  is  necessary  to  consider  a 
distributed  constant  equivalent  circuit. 

One  of  the  simplest  forms  of  such  a 
circuit  is  given  in  Figure  2.  The  crys- 


Nickel  and  platinum  gave,  in  this 
regard,  very  satisfactory  results.  Be¬ 
sides,  the  temperature  coefficient  of  the 
resistivity  of  these  metals  allows  a  reli¬ 
able  temperature  sensing  by  the  heater  it¬ 
self  and  to  use  the  same  metallic  film  as 
heat.er  and  as  temperature  sensor. 

./  It  was  possible  to  build  convenient 
'heaters  with  these  metals,  without 
disturbing  the  operation  of  the  crystal. 

By  depositing  the  heater,  the  corre¬ 
sponding  frequency  change  was  in  the 
100  Hz  range.  The  Q  factor  ranged  within 
the  same  limits  as  for  the  crystals 
without  integrated  heater,  1-1.6  million. 

Geometry 


In  order  to  study  the  problem  of 
direct  heating,  various  heater  geometries 
were  used.  These  geometries  provided  a 
large  contact  area  with  the  crystal 
surface  and  a  certain  degree  of  symmetry 
in  heating.  (Figure  3) 

The  heater  leads  are  connected  at 
the  periphery  of  the  crystal,  on  both 
front-end  surfaces,  and  at  points 


159 


disposed  at  90°,  in  relation  to  the 
crystal  electrode  leads. 

At  (a)  the  heater  is  a  narrow  ring, 
deposited  at  the  periphery  of  the 
crystal.  It  is  composed  of  two  half 
rings,  each  of  them  disposed  symmetri¬ 
cally  on  the  crystal  opposite  surfaces. 

At  (b)  the  heater  is  also  a  narrow 
ring,  with  the  difference  that  in  this 
case  the  metallic  films  on  the  opposite 
surfaces  are  overlapping  each  other 
about  240°.  They  are  in  electrical 
contact  at  the  ends  of  the  overlapping 
region.  In  this  region  the  crystal  is 
heated  from  both  surfaces. 

At  (c)  the  heater  is  built  in  the 
same  way  as  in  (b) ,  with  the  difference 
that  the  ring  is  wider. 

At  (d)  one  of  the  crystal  elec¬ 
trodes  also  acts  as  a  heater.  Heat  is 
dissipated  in  the  central  region  of  the 
oscillating  quartz  crystal  and  along  the 
connecting  bands  (strips) . 

At  (e)  one  of  the  crystal  surfaces 
is  completely  plated,  thus  covering  the 
lower  electrode  area.  The  heater  supply 
voltage  is  applied  at  the  same  points  as 
before.  The  distribution  of  the  dissi¬ 
pated  heat  depends  on  the  distribution 
of  the  electric  current  in  the  heater, 
does  not  reproduce  directly  as  its 
geometry. 

Geometries  (b)  and  (c)  were  found, 
after  experimental  tests,  as  being  the 
most  suitable  for  the  application.  It 
should  be  noted  that  in  these  geometries 
we  have  more  specific  dissipated  heat  in 
the  vicinity  of  the  crystal  electrode 
leads.  This  results  from  the  fact  that 
in  this  zone  (non  overlapping  layers 
which  are  electrically  in  parallel  for 
the  remainder  of  the  crystal) ,  the  heater 
displays  a  larger  resistance  per  unit 
length.  This  is  convenient  for  temoer- 
ature  uniformity  because  the  heat  loss  in 
this  zone  is  also  larger. 

Electrical  Resistance 

The  DC  resistance  measured  between 
the  heater  leads  was  in  the  range  of  100 
to  1000  ohms.  It  is  possible  to  obtain 
the  required  value  of  this  resistance 
with  sufficient  reproducibility.  The 
most  often  used  value  was  about  300  ohms. 

Integrated  Oven  Crystals 

Third  overtone,  AT-cut,  5  MHz  quartz 
crystals  were  used  for  these  experiments. 
In  some  cases,  independent  temperature 


sensors  (precision  thermistors)  were 
bonded  to  the  crystal  electrodes  and  the 
heater,  as  shown  in  Figure  4.  This  made 
it  possible  to  check  the  temperature 
distribution  and  make  measurements  on 
the  thermal  transients.  Photographs  of 
such  crystals  with  integrated  heaters 
are  shown  in  Figure  5. 

The  crystals  were  properly  cleaned 
and  enclosed  in  cold  welded  type  C 
holders.  The  base  of  these  holders  has 
been  provided  with  five  pins.  The 
metallic  holder  case  was  processed  in 
order  to  obtain  smooth,  reflecting 
surfaces  (by  electro-polishing) .  The 
vacuum  was  in  the  10“®  mm  Hg  range. 

Experimental  Results 

Thermal  Quiescent  State 

Temperature  Distribution.  Precision 
thermistors  (Model  51TF25,  Gulton)  were 
simultaneously  placed  in  various  posi¬ 
tions  on  the  crystal  surfaces.  In  the 
geometries  of  (b)  and  (c)  these  positions 
are  shown  in  Figure  4.  A  few  seconds 
after  turn-on  of  a  constant  voltage  power 
supply,  the  thermistors  indicated  a 
uniform  temperature  within  the  cali¬ 
bration  error  U0.2°C). 

Thermal  Dissipation  of  the  Crystal. 

Several  tests  were  performed,  using  a 
constant  voltage  power  supply.  Operating 
at  ambient  temperature  (25°C) ,  the 
crystal  and  case  temperature  dependence 
on  the  heating  power  was  examined.  Some 
typical  results  are  displayed  in  a 
graphic  form  in  Figure  6. 

Curve  (1)  shows  the  temperature 
dependence  of  a  non-encapsulated  crystal. 

Curve  (2)  shows  the  temperature 
dependence  of  an  encapsulated  crystal 
whose  case  was  immersed  in  an  oil  bath 
maintained  at  25°C.  The  temperature  of 
the  case  and  of  the  pins  was  practically 
identical  to  that  of  the  oil  bath. 

Curve  (3)  shows  the  temperature 
dependence  of  the  same  crystal,  whose 
case  was  wrapped  in  a  thin  glass  wool  bed, 
in  order  to  avoid  the  disturbing  effects 
of  the  air  currents. 

Cuive  (31)  corresponds  to  the  temper¬ 
ature  dependence  of  the  case,  under  these 
conditions. 

Curve  (4)  shows  the  temperature 
dependence  of  the  crystal  for  the  best 
realized  device.  No  thermistor  was 
placed  on  the  crystal,  thus  eliminating 
a  part  of  the  heat  loss  by  radiation  and 
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conduction  through  the  corresponding 
leads. 

Another  series  of  tests  were 
performed  in  which  the  environmental 
temperature  was  changed  in  the  range 
from  -40°C  to  75°C.  The  temperature  of 
the  crystal  was  maintained  at  75°C,  sup¬ 
plying  the  heater  with  the  required 
amount  of  power.  Reference  results  are 
shown  in  Figure  7. 

The  performed  measurements  allowed 
the  computation  of  thermal  loss  resis¬ 
tances,  according  to  the  formulas  of 
(7),  (8),  and  (9). 

It  was  generally  found  that  in  the 
final  integrated  oven  crystals  Ri  were 
very  large  as  compared  with  R2  and  R3 
and  could  thus  be  neglected  in  some 
computations.  The  ratio  between  R3  and 
R2 

r3/R2  -  1  -  V2/VX  (14 

was  in  the  range  between  2  (worst  case) 
and  6  (best  case) ,  thus  giving  an 
estimate  of  the  achieved  degree  of  the 
thermal  insulation  of  the  crystal  body 
in  the  evacuated  enclosure. 

The  worst  case  involved  crystals 
with  heavy  leads  and  pins,  with  one  of 
the  ends  of  the  heater  connected  elec¬ 
trically  (and  thermally)  to  the  case, 
and  with  bonded  thermistors  on  the 
crystal  surfaces. 

A  figure  of  practical  interest  is 
the  overall  dissipation  constant  G,  in 
our  situation: 


G 


1 _ 

R2+R3 


(15) 


It  was  found  that  the  value  of  G 
was  in  the  range  of  8-3mW/°C. 


Good  Dewar-flask  enclosed  crystal 
ovens  have  a  dissipation  constant  of 
about  12mW/°c.  In  very  carefully 
produced  units,  dissipation  constants 
of  8mW/°C  are  found,  approaching  the 
more  pessimistic  values.  Nevertheless, 
practical  advantage  of  the  integrated 
oven  remains  in  its  space  saving  and 
rugged  construction. 

Further  improvements  of  G  are  still 
possible,  using  thinner  leads  and  pins 
and  mirror-like  finished  internal 
surfaces.  A  closer  examination  of  the 
heating  power  versus  ambient  temperature 
graphs  shows  that  for  the  bast  inte¬ 
grated  oven  crystals,  the  radiation  has 
a  certain  contribution  to  the  heat  loss. 
In  this  respect,  nickel  film  heaters 


displayed  very  convenient  features. 

Thermal  and  piezoelectric  transients 

Turn-on  and  turn-off  characteristics 
were  studied,  and  temperature  and  fre¬ 
quency  recordings  were  made  at  one  second 
time  intervals  during  the  stabilization 
time.  The  crystals  were  heated  at 
constant  power. 

For  the  study  of  thermal  transients, 
thermistors  in  conjunction  with  a  digital 
printing  ohmmeter  were  used.  The 
measuring  current  for  the  thermistor  was 
kept  to  a  sufficiently  low  value  to  avoid 
self-heating  effects.  The  graph  of 
Figure  8  was  obtained  for  a  type  b 
geometry  (see  figure  3  and  4),  the 
measuring  thermistor  being  placed  in 
position  2).  The  heating  power  was 
200  mW.  The  results  shown  are  typical. 

The  curves  have  the  expected  features, 
similar,  as  previously  stated,  to  the 
transient  response  of  a  noninductive 
electric  cable  (RC  transmission  line) . 
About  five  seconds  after  turn-on  or 
turn-off  (time  related  with  a  heat 
propagation  delay) ,  we  have  an  inflexion 
point.  Later,  the  temperature  changes  in 
an  exponentiallike  manner,  asymptotically 
approaching  the  stabilization  temperature. 
After  three  minutes  the  temperature 
difference  is  generally  less  than  2%  of 
the  whole  temperature  shift. 

In  general,  the  frequency  variation 
does  not  reproduce  the  thermal  response, 
although  the  correlation  between  starting 
and  stabilization  values  was  very  good 
(within  the  experimental  errors,  corre¬ 
sponding  to  temperature  differences  in 
tke  .1°C) .  Solid  state,  th> ee  stage, 
Pierce  configuration  of-'~  ''"tors  were 
used  for  the  measurer  t  ..  crystal 
frequency  transients  nsce  oscillators 
were  placed  in  temperature  controlled 
chambers,  al'  -nng  the  possibility  of 
having  variou  starting  temperatures. 
Printing  o  .iters  were  used  for  frequency 
recor'  ir  -.  The  most  significant  measure¬ 
ment?  secondary  piezoelectric  effects 
were  .  for  temperature  shifts  outside 
frequ-'  ~y  turning  points. 

Generally  the  frequency  change 
versus  time,  after  both  turn-on  and 
turn-off  of  the  heater,  displays  an  over¬ 
shoot  or  an  undershoot,  followed  by  a 
slower  transient.  In  figure  9,  a  unit  on 
the  Y  scale  represents  the  total  change 
in  frequency,  corresponding  to  about 
8ppm.  The  overshoot  was  noted  for 
crystals  provided  with  heaters  in  (a), 

(b) ,  and  (c)  geometries,  whereas  for  the 
geometries  (d)  and  (e) ,  an  undershoot 
took  place. 
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This  phenomenon  is  probably  related 
to  thermo-mechanical  action.  A  possible, 
rough  explanation  could  consist  in  the 
fact  that  the  central  oscillating  area 
would  experience  mechanical  stresses  due 
to  thermal  expansion  of  the  first  heated 
parts  of  the  crystal,  at  power  turn-on. 
For  the  geometries  (a),  (b) ,  and  (c) , 
the  pheriphery  is  heated  first,  and  thus 
the  central  area  is  subjected  to  pulling 
mechanical  efforts.  For  the  geometries 
(d)  and  (e)  the  central  area  is  heated 
first,  but  its  thermal  expansion  is 
hampered  by  the  remaining  zone  of  the 
crystal.  It  is  known  that  such  mechani¬ 
cal  efforts  could  affect  the  oscillating 
frequency  of  a  quartz  crystal.  But,  in 
fact,  the  actual  situation  is  more  com¬ 
plex.  It  is  to  be  noted  that  for 
geometries  (a) ,  (b) ,  and  (c) ,  the  heat 
is  distributed  from  both  front  end 
surfaces  at  the  same  time,  but  not  in  a 
truly  symmetric  way  with  respect  to  the 
X  axis  of  the  crystal  (vertical  position 
in  Figure  4);  whereas  for  (d)  and  (e) 
only  one  of  the  front  end  surfaces  is 
heated.  The  crystal  bodies  would 
experience  different  kind  of  deformations 
at  turn-on. 

Another  fact  to  be  noted  is  that  the 
turn-on  and  tur.  -off  frequency  character¬ 
istics  are  more  or  .  t.s  symmetrical. 
Without  delving  into  further  explanation 
of  these  facts,  this  not  being  the 
purpose  of  this  paper,  we  conclude  with 
the  remark  that  the  overshoot  can  be  used 
efficiently  to  shorten  the  overall 
frequency  stabilization  time. 

The  slower  transient  which  follows 
is  very  likely  related  with  the  equal¬ 
ization  of  the  temperature  in  the  crystal 
body . 


If  the  stabilization  temperature 
corresponds  to  a  turning  point  of  the 
crystal,  the  frequency  will  be  approached, 
within  a  given  frequency  error,  in  a 
shorter  time.  An  integrated  oven  crystal 
oscillator  with  proportional  oven  control 
in  operation  reached  the  nominal  fre-  _ 
quency  within  a  relative  error  of  2x10“ 
in  about  20  seconds  and  of  4xl0~°  in 
about  90  seconds,  starting  from  room 
temperature.  The  total  frequency  change 
was  about  9x.l0“®.  (Low  turning  point 
crystal) 


The  output  of  integrated  oven 
crystal  oscillators  was  also  studied  with 
a  spectrum  analyzer  (HP  Model  8553L) .  No 
extra  spurious  signals  were  noted  during 
the  operation  of  such  oscillators  under 
either  steady  or  turn-on  conditions,  as 
compared  to  conventional  oscillators. 


Operation  of  the  Integrated 
Oven  Crystal  Oscillators 

As  stated  earlier,  integrated  oven 
crystals  were  used  to  build  proportional 
controlled  oven  oscillators.  The  elec¬ 
tronic  circuitry  for  both  the  oscillator 
and  the  control  amplifier  used  hybrid 
integrated  semiconductor  chips.  The 
temperature  sensor  was  a  50  kJlthermistor 
bonded  to  the  crystal  electrodes  as  in 
Figure  4  (position  1  or  2). 

The  operation  proved  to  be  very 
satisfactory,  and  the  construction 
simple,  rugged,  lightweight,  and  small  in 
size.  An  experimental  breadboard  model 
was  displayed  during  the  24th  Annual 
Symposium  on  Frequency  Control. 

Further  simplification  of  such 
oscillators  is  contemplated,  using  the 
heater  circuit  as  a  sensor  as  well.  A 
schematic  diagram  is  shown  in  Figure  10. 
The  heater  is  mounted  in  a  four  arm 
bridge.  Small  temperature  coefficient 
resistors  will  be  used  for  Ri,  R2,  and 
R3.  For  instance,  Corning  Glass  C  style 
resistors  have  a  temperature  coefficient 
of  ,lxl0“3/oc.  The  temperature  co¬ 
efficients  for  Platinum  is  about 
3 . 9x10-3/oc  and  6.17xl0-3/oc  for  Nickel.2 

The  differential  amplifier  will 
sense  the  difference  voltage  between  the 
centers  of  the  two  branches.  A  gain  of 
80  dB  will  be  more  than  enough  to  control 
the  temperature  of  the  crystal  to  a 
fraction  of  a  degree.  The  dissipated 
power  in  Rj  will  represent  an  extra 
amount  of  about  10%.  Rj  and  R3  could  be 
made  large  enough  to  achieve  negligible 
power  consumption.  The  fact  that  the 
voltage  supply  of  the  bridge  varies  with 
the  temperature  difference  between  the 
nominal  and  actual  value  will  contribute 
to  a  fast  thermal  transient  response. 

Till  now  we  do  not  have  conclusive 
data  regarding  the  aging  of  such  oscil¬ 
lator.'!.  Further  tests  are  still  neces¬ 
sary.  The  temperature  changes  of  the 
crystals  at  turn-on  are  fast.  The 
temperature  uniformity  would  not  be 
perfect,  and  relaxation  processes  could 
play  a  more  important  role  in  the  aging. 
However,  such  processes  will  probably  not 
be  much  more  important  than  in  the  case 
of  TCXO's,  and  for  continuous  operation 
the  situation  will  not  differ  too  much 
from  those  of  the  conventional  ovens. 


For  a  thermistor  controlled  inte¬ 
grated  oven  oscillator,  the  total 
frequency  change  (excluding  the  initial 
five  minutes;  was  about  2xl0“s  after  the 
first  three  days  of  continuous  operation. 


162 


Future  Prospects 

The  use  of  hybrid  integrated 
circuits  could  allow  a  very  compact  form 
of  construction,  including  all  electronic 
circuitry  and  the  quartz  crystal  in  the 
same  evacuated  case. 

The  oscillating  quartz  crystals 
could  also  be  cooled  (or  heated) ,  using 
the  reversible  Peltier  effect.  A  stable, 
low  operating  temperature  contributes  to 
a  very  low  aging  rate.  Including  the 
cooling  junction  in  the  evacuated  crystal 
case,  the  needed  amount  of  power,  which 
is  still  large,  could  be  reduced. 

The  method  of  direct  temperature 
control  (inside  the  crystal  holder  case) 
could  be  of  use  not  only  for  oscillators, 
but  also  for  other  piezoelectric  devices, 
such  as  crystal  filters  or  delay  lines. 
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FIGURE  !.  A  (III WML  LimO  (.OHSIA.1!  £OU!Y/lf;iI  CIRCUIT  FOR  A!<  IHIERIIAllY  HEATtO  CRYSTAL 


FIGURE  <1.  SENSOR  LOCATIONS  ON  QUARTZ  CRYSTALS  KITH  HEATERS 


FIGURE  9.  TKEBW.-PIEZCELECTRIC  TRAKSIMT  RESPONSE 


FIGURE  10.  TEMPERATURE  CONTROL  USING  INTEGRATED  NEATER  AS  TEMPERATURE  SENSOR 


PRECISION  MEASUREMENT  OF  CRYSTAL  FREQUENCY 
BY  MEAS  OF  "CENTER  LINE  METHOD" 


Issac  Koga 

Reseal  oil  Laboratory,  Kokusai  Denshin  Denwa  Company 
(Japan's  Overseas  Radio  and  Cable  System) 


Summary 

If  we  plot  the  square  of  the  crystal 
impedance  (Z)  vs  frequency  (f)  of  the 
exciting  current,  the  locus — Center 
Line — of  the  mid-point  between  two 
points  which  give  equal  values  of  Z2  is, 
to  a  very  close  approximation,  a  straight 
line  which  intersects  with  abscissa  at 
the  very  point  of  natural  frequency, 
regardless  of  the  shunt  capacitance. 

Measurement  method  of  impedance  at  a 
definite  crystal  current  is  presented. 

With  the  aid  of  this  method  it  is 
observed  that  normally  the  frequency  of  a 
crystal  increases  (decreases)  roughly  in 
proportion  to  the  square  of  the  crystal 
current  if  the  frequency-temperature 
coefficient  of  the  plate  at  ambient 
temperature  is  positive  (negative).  It 
is  also  noteworthy  that  crystals  of 
double  convex  type  with  vary  small 
frequency- temperature  coefficients 
undergo  very  remarkahle  amplitude  effect. 

Kev  words  (for  information  retrieval) 
Crystal,  Frequency  Measurement,  Center 
Line  Method,  Amplitude  Effect. 

iMmLusllgn 

Realizing  that  (1)  the  frequency  of 
the  motional  arm  of  the  equivalent 
circuit  of  crystal  plate,  that  is,  the 
frequency  determined  by  L0C„  in  Fig.  1 
depends  upon  the  amplitude  of  vibration, 
and  (2)  the  shunt  capacitance  between  the 
electrodes  are  not  definite  in  accordance 
with  the  working  condition,  the  following 
"Center  Line  Method"  has  been  devised. 

Principle  of  Measurement 

The  schematic  diagram  of  measuring 
circuit  is  shown  in  Fig.  2.  In  this 
figure  Cp,  Cq,  and  Cr  represent  equivalent 
capacitances  between  the  electrodes  of 
crystal  units  and  earth,  and  C„ 
represents  an  additional  known  capacitance 
referred  to  later.  LC  is  an  electric 
circuit  tuned  to  the  crystal  frequency. 
Current  through  crystal  unit  associated 
with  Cr  and  CQ  is  practically  equal  to 
that  through  LC,  because  the  resistance 
of  the  arm  LC  is  very  small  compared  with 
the  reactance  of  Cq.  The  current  I 


through  LC  is  easily  measured  by  reading 
the  terminal  voltage  across  C. 


If  we  plot  the  square  of  the  crystal 
impedance  (Z)  vs  frequency (f) of  the 
exciting  current  as  shown  in  Fig.  3,  the 
locus — Center  Line — of  the  mid-point 
between  two  points  which  give  equal 
values  of  Z^is,  to  a  very  close 
approximation,  a  straight  line  which 
intersects  with  abscissa  at  the  very 
point  f0  or  the  natural  frequency.  The 
proof  is  given  as  follows: 


The  impedance  Z  between  the 
terminals  AB  is  given  by 

derate;) 


( 1 ) 


Since  the  quantity  can  be  taken 
as  constant  in  the  frequency  range  of 
measurement,  we  put 

,  *  extant.  (3) 

Let  the  two  values  of  an)  be  -Aty  and 
•McJj  where  the  impedances  are  equal  to  Z. 
Then  Eq.  (l)  is  transformed  as  follows: 


&(xA£i~XtY 
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R,V-x.isr-)J 


•A&)2  -  AO) i 

Putting  J  =  2jX 
X- 

we  get  the  following  relation 


<» 


This  an  equation  of  rectangular  hyperbola 
with  the  following  asymptotes  (see  Fig, 4) 

=  tf,  ) 

JT-J-fr)  X/_  | 

1  r*x4  J 

Since,  in  Eqs.  ( 5) , 
gives  the  abscissa  of  the  mid-point 
between  two  points  for  a  single  value  of 
Z2  (orjO,  x  gives  the  distance  between 
the  abscissa  of  the  mid-point  and  o)0 
(or  the  natural  angular  frequency). 
Therefore  the  intercept  of  the  curve 
given  by  Eq.  (6)  to  the  abscissa  is  at 
the  origin  (or  x-o),  i.e.  the  natural 
angular  frequency  u)a . 


Since  the  origin  (x*^/*»o),  is  far 
from  the  asymptote  y  =  X/-  and  very  near 
to  the  asymptote  x' ==*^-^.X,/X»  .  the 
curvature  there  is  nearly  zero,  and 
Eq.  (6)  is  very  closely  approximated  to 


X  =  - 


l  a), 


*>  KX/J  ' 


(*) 


that  is,  the  tangent  to  the  curve  at  *>y=0. 


If  a  capacitance  Ca  is  added  in 
parallel  with  the  crystal  unit,  the 
inclination  of  the  Center  Line  will 
increase,  but  the  intersecting  point 
with  the  abscissa  will  not  be  changed,  as 
shown  in  Fig.  5,  since  the  latter  is 
independent  of  Ca  . 

In  case  when  the  natural  frequency 
of  a  crystal  plate  is  dependent  upon  the 
strength  of  crystal  current,  as  is 


generally  the  case,  the  position  of  the 
Center  Line  will  be  displaced  without 
the  change  of  inclination,  as  shown 
schematically  in  Fig.  6.  Therefore, 
even  a  very  small  change  of  natural 
frequency  of  the  order  of  10"°  can 
easily  be  detected. 

Thus  the  straightness  of  the  locus 
(Center  Line)  and  the  coincidency  of  the 
intersections  of  Center  Lines  with 
abscissa  for  different  values  of  Ca  will 
well  prove  the  accuracy  of  results. 

Details  of  the  actual  arrangement 
for  measurement  will  be  ommitted  here. 

Care  must  be  taken  to  avoid  mutual  static 
and  magnetic  inductions  between  several 
elements  in  the  measuring  circuit. 

Another  important  point  is  that  the  wave 
form  of  the  applied  voltage  V0  is  to  be 
sufficiently  free  from  higher  harmonic 
contents.  Otherwise  the  impedance  value 
calculated  from  the  readings  V0  and  V, 
will  be  detrimental  to  the  accuracy  of 
result. 

Practical  Examnle  of  Measurement 

In  Fig.  5  an  example  of  the  result 
of  measurement  is  shown.  The  crystal 
under  measurement  was  wire-mounted. 

The  crystal  current  I  referring  to  Fig.  2 
was  kept  constant  at  about  10  mA  by 
keepting  the  voltage  V,  at  one  volt  flat. 
The  reactances  of  L  and  C  were  both  about 
100  ohms.  In  Table  1  two  frequencies  } 
(f,’s  and  f2’s)  and  their  mean  values  (fms) 
at  %=  o.b  ,  0.8 ,  ■  ■  •  volts  flat  are  given 
for  the  case  of  Ca=0  .  Table  2  gives 
mean  values  (f„s)  of  frequencies  for 
Ca=  0,  15,  25  and  35  pF.  These  mean 
values  are  plotted  ir.  Fig.  5.  Taking 
each  Center  Line  as  straight  line,  the 
intercepting  point  to  the  abscissa  was 
determined  by  means  of  least  square 
method.  The  final  value  of  natural 
frequency  or  the  mean  value  of  the 
intercepts  was 

3,142,840.49  +  0.03  Hz. 

Effect  of  Amplitude  unon  Natural  Frequency 

From  the  results  of  many 
measurements,  it  seemed  that,  in  almost 
all  the  cases,  the  natural  frequency  of  a 
crystal  plate  was  more  or  less  dependent 
upon  the  amplitude  of  vibration  or  the 
crystal  current.  The  following  two 
points  amongst  others  were  noteworthy: 

(1)  Some  of  the  authors* have  reported 
that  the  effect  of  amplitude  upcn  the 
natural  frequency  for  AT-Cut  is  contrary 

*For  instance,  A.  seed:  Non-Linear  Effects 
in  Quartz  Hesonators,  Fourth  International 
Congress  on  Acoustics,  Copenhagen,  21-28 
August  1962. 
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to  BT-Cut.  However,  we  interpreted,  as 
far  as  the  normal  working  conditions 
were  concerned,  that  the  frequency 
change  were  mainly  caused  by  the 
temperature  rise  from  the  ambient 
temperature  due  to  ohmic  loss  produced 
by  crystal  current,  because,  as  a  matter 
of  fact,  both  in  AT-  and  BT-Cut  plate 
the  frequency  increased  (decreased) 
roughly  in  proportion  to  the  square  of 
the  crystal  current  when  the  frequency- 
temperature  coefficient  of  the  plate  was 
positive  (negative).  The  effect  due  to 
non-linearity  of  stress  vs  strain  in 
quartz  crystal  during  the  vibration 
seems  to  be  negligibly  small  compared 
with  the  effect  of  heat  generation  due 
to  ohmic  loss. 

(2)  Crystals  of  double  convex  type  with 
very  small  frequency-temperature 
coefficients  underwent  very  remarkable 
amplitude  effect.  The  frequency 
increased  in  proportion  to  the  square  of 
crystal  current.  The  amount  of  change 
was  roughly  0.01  Hz*(mA)J  for  1  MHz, 
that  is,  about  1  Hz  and  4  Hz  increase  at 
the  crystal  current  of  10  mA  and  20  mA 
respectively  from  the  frequency  at  zero 
crystal  current. 


X 

1.8 

682.5 

989-9 

836.20 

1.6 

700.7 

973.5 

837.10 

1.4 

718.6 

957.2 

837.90 

1.2 

736.5 

940.7 

838.60 

1.0 

754.3 

924.1 

839-20 

0.8 

771.5 

907.8 

839.65 

0.6 

789.2 

890.9 

840.05 

Table  1.  Vc 

vs  f.  , 

f2  and 

their  mean  values  fm  in  the 
case  Ca=>0.  Values  shown 
in  this  Table  are  to  be 
read  for  Instance 
3,142,682.5  Hz  for  682.5 
at  the  upper  left  corner. 
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X 

0 

10  pF 

25  pF 

35  pF 

1, 

,8 

36.20 

30.45 

22.40 

16.55 

1. 

,6 

37.10 

32.60 

26.20 

21.65 

1. 

.4 

37.90 

34. A5 

29.55 

26.05 

1. 

,2 

38.60 

36.05 

32.40 

29.80 

1. 

,0 

39.20 

37.45 

34.80 

33-25 

0. 

8 

39.65 

38.45 

36.90 

35-80 

0. 

i 

,b 

40.05 

39.35 

38.45 

37.85 

Table  2.  V0  in  volts  vs  fm  for 
various  values  of  Ca .  Values 
shown  in  this  Table  are  to  be 
read  for  instance 
3,142,836.20  Hz  for  36.20  at 
the  upper  left  corner. 
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FIGURE  6 


A  REPORT  ON  IEC  TECHNICAL  COMMITTEE  TC  49 


C.  Franx 

Crystal  Department 
N.V. Philips  Gloc’ 1 nmpenfabri ekun 
Eindlioven,  Netherlands 


Summary 

The  work  of  Technical  Committee  49  of 
the  International  Electrotechnical  Commis¬ 
sion  dealing  with  devices  for  frequency 
control  as<>  selection  and  piezoolcctricnl 
materials  has  resulted  in  editing  Publi¬ 
cation  nr.  122  entitled  Quartz  Crystal 
lints  for  Oscillators. 

Furthermore  a  standard  on  filters  and 
a  standard  on  i'cmpe rut ure  (ontrolled  Devi¬ 
ces  urc  in  the  printing  stage. 

Presently  TC  49  has  a  number  of  objects 
in  discussion: 

t  Revision  of  Publication  122 

(Working  Group  l) 

2  Piezo  ccrumic  resonators  rod  fillers 

(Wti  4) 

3  .Synthetic  quartz  raiU.-ial  (WG  Si 

4  Measurements  (WG  0) 

llic  paper  contains  details  on  the  do¬ 
cument  produced  l>\  Wti  L  entitled  “basic 
method  for  the  measurement  of  resonance 
frequency  unit  equivalent  series  resistance 
of  quurtz  crystal  units". 

Rased  on  the  'jy  network  the  document 
specifies  a  measuring  method  in  the  fre¬ 
quency  range  of  1  -  129  MHz  with  a  fre¬ 
quency  accuracy  of  approximately  1.10-7. 

Discussion 

This  year  the  39 IEC  Generul  Meeting 
is  scheauled  in  the  U.S.A.  namely  in 
Washington.  This  is  a  good  occasion  to  focus 
on  the  activities  of  IEC. 

In  ‘he  statutes  of  IEC  the  object  of 
the  Commission  is  described  us  to  facili¬ 
tate  the  coordination  and  unification  of 
national  electrotechnical  standards. 

To  attain  this  object  the  Commission 
publishes  Recommendations  which  express, 
ns  nearly  as  possible,  an  international 
consensus  of  opinion  on  the  subjects  dent t 
with.  Although  these  Rcc'  mendations  are 
not  binding  upon  member  organisations, 


these  latter  are  strongly  recommended  to 
follow  them  when  drawing  up  their  national 
standards  so  as  to  unify  all  national 
standards . 

The  work  of  the  Commission  covers  al¬ 
most  all  spheres  of  electro  technology,  as 
well  as  power,  electronics,  telecommunica¬ 
tions  and  nuclear  energy. 

The  detailed  work  is  carried  out  by 
Technical  Committees,  each  one  dealing  with 
a  given  subject.  All  National  Commit  tees 
have  the  right  to  be  represented  ul  meetings 
of  the  Technical  Committees  and  take  part  in 
the  work  by  correspondence. 

I'p  to  December  1909  national  organiza¬ 
tions  ol  41  countries  are  a  member  of  the 
IEC  and  <>7  leehnicnl  Committees  have  pro¬ 
duced  approx.  390  publications. 

The  quartz  crystal  units  are  dealt  by 
TC  49,  having  a  scope  rending  "To  prepare 
international  recommendations  for  ptezo- 
electneal  devices  for  frequency  control  and 
selection  and  for  the  associated  materials". 

The  work  of  TC  .9  has  resulted  in  a 
.lumber  of  publications: 

122-1  Standard  values  and  conditions  - 
Tes  t  condi i i ons 

122-2  Guide  to  the  use  of  quart/,  cry¬ 
stal  oscillator  crystals 

122- 9  Standard  outlines 

283  Methods  for  the  measurements  of 
frequency  and  equivalent  resis¬ 
tance  of  unwanted  resonances  of 
filter  cryotuls 

392  Slumlord  definitions  and  methods 
of  measurement  for  piezo  electric 
vibrators  operating  over  the  fre¬ 
quency  range  up  to  39  MHz. 

In  an  advanced  state  of  preparation 
are  recommendations  for  temperature  control 
devices  and  Tor  crystal  filters. 

Presently  the  work  is  carried  out  by 
four  Working  Groups: 

WG  1  Revision  of  Publication  122 

WG  4  Piezo  electric  resonators  and 

fi  1  tors 
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WG  5  Synthetic  quartz  material 

WG  6  Measuring  methods. 

The  revision  of  Publication  122  is 
needed  partly  because  a  number  of  new  elec¬ 
trical  and  environmental  tests  have  been 
published,  partly  because  it  was  felt  that 
the  component  classification  system  is 
superfluous . 

Working  Group  U  has  started  their  acti¬ 
vities  last  year  and  has  produced: 

a)  Draft  recommendation  for  ceramic 
resonators  (General  information  and 
standard  values) 

b)  Draft  guide  to  the  use  of  ceramic 
resonators 

c)  Draft  recommendation  for  ceramic 
f i Iters 

Section  one  .  Terms  and  definitions 
Section  two  :  Test  conditions 

d'  Draft  guide  to  the  use  of  ceramic 
fi  1  tors . 

In  Working  Group  5  Proposals  for  a 
specification  for  synthetic  quartz  crystals 
are  in  discussion. 

Working  Group  6  has  produced  a  Draft 
on  the  measuring  method  of  Hesonuncc  Fre¬ 
quency  and  Equivalent  Series  Resistance  of 
quartz  crystal  units  in  the  frequency  range 
of  1  -  125  MHz  with  a  relative  frequency 
accurucy  of  approximately  +  1 . 1 0~7  Und  an 
accuracy  on  the  equivalent  series  resis¬ 
tance  of  2%. 

The  system  is  based  on  the  use  of  the 
TTnetwork  (fig  l)  and  has  been  described 
during  the  1969  Frequency  Control  Symposium. 

The  essential  paragraphs  of  the  new 
standard  give  a  precise  definition  of  reso¬ 
nance  frequency  and  specify  the  parts  of  the 
measuring  circuit,  particularly  the  77  net¬ 
work,  in  such  u  way  that  all  t lie  parts  can 
be  calibrated  prior  to  measuring. 

As  a  consequence  the  standard  is 
compatible  with  standards  based  on  the  use 
of  bridges  in  the  sense  that  the  differences 
between  measurements  in  TT'networks  and  in 
bridges  arc  very  small. 

The  77" network  (fig  2)  consists  of 

a.  Two  resistive  attenuators  (lk.8  dB 
each)  in  a  met'!  body 


b.  Two  coaxial  connectors  (50  Ohms) 
with  sufficiently  low  contact  re- 
sis  tonne 

c.  Two  contact  plates  on  which  the  cry¬ 
stal  terminals  are  pressed 

d.  A  spring  loaded  plastic  block 

e.  Plastic  spacer  to  determine  the  lo¬ 
cation  of  the  reference  plane. 

The  resistive  attenuators  are  asymme¬ 
trical  and  serve  to  match  the  50  Ohm  cables 
to  the  12.5  Ohm  impedance  ,'evel  between  con¬ 
tact  plate  and  body. 

The  network  is  calibrated  with  "zero 
phase"  thin  film  resistors  of  the  shupe  of 
fig  3  by  measuring  the  phase-resistance 
relationship. 

The  maximum  phase  deviation  allowed  is 
0.21’  over  the  resistance  range  of  0  -  100 
Ohms . 

Such  u  small  phase  deviation  can  only 
be  achieved  if  the  impedunce  seen  by  the 
calibrating  resistor  is  purely  resistive. 

For  most  7T  networks  this  impedance  has 
a  slightly  inductive  character.  It  is 
possible,  however,  for  frequencies  below  a 
certain  cut-off,  to  compensate  with  a  shunt 
cupacitance.  This  capacitance  is  created  by 
the  dielectric  between  contact  plates  and 
body. 

In  practice  the  compensation  iu  per¬ 
formed  by  measuring  the  phase-resistance 
curve  at  100  MHz,  and  varying  the  thickness 
of  the  dielectric. 

The  dielectric  consists  of  n  number  of 
layers  Teflon  sheets  of  17  and  of  37  microns 
thickness.  For  compensation  one  only  needs 
to  change  the  number  of  sheets. 

Further  requirements  concern  the  re¬ 
flection  coefficients  the  transducer  loss 
of  the  77  network  with  a  shorting  metal 
blank  inserted,  the  bchnviour  over  the  tem¬ 
perature  range  and  the  capacitance  between 
contact  plates  (<t  pF) . 

Equivalent  resistance  and  power  level 
con  be  rend  from  the  voltmeter  of  the  B 
channel  (fig  l).  With  o  shorting  metal 
blank  inserted  iu  the  77" network  the  genera¬ 
tor  is  adjusted  until  the  voltmeter  of  the 
B  channel  rends  A0dB  in  which 

A0  =  nominal  crystal  drive  level  - 
11.8  dB 
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A  practical  reference  level  is  1  mV 
corresponding  with  0  dB.  By  adjusting  the 
phase  meter  to  zero  reading  the  initial 
adjustment  procedure  is  completed  both  for 
go-no-go  procedure  as  for  individual  mea¬ 
surements. 

After  replacing  the  shorting  blank  by 
the  crystal  unit  the  frequency  of  the  gene¬ 
rator  is  adjusted  to  zero  phase  reading. 

The  equivalent  series  resistance  llr  is 


Rr  =  25  (10  20  -  1) 

A  =  reading  B  channel  (in  dB)  with 
the  crystal  in  the  IT  network. 

The  power  dissipated  by  the  crystal  is 
100  K 

P  o  P  - 

“mX  (25  +  Kr)2 

This  function  has  a  very  flat  maximum 
for  Ur  =  25  Ohms  (fig  'i)  . 

For  example:  a  change  of  KSIl  from  0.5 
to  65.5  Ohms  results  in  u  change  of  drive 
level  of  20#.  In  most  cases  this  is  accept¬ 
able  and  thus  individual  drive  level  adjust 
mcnt.  is  not  necessary. 
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Sumary 

The  problem  of  crystal  measurements  has  been 
considered  in  the  past  year  by  a  group  of  10 
people  composed  of  members  from  government,  crys¬ 
tal  users  and  crystal  producers.  The  group  —  The 
IEEE  Subcommittee  on  Crystal  Measurements  -  was 
charged  with  producing  a  draft  for  on  IEEE  Stan¬ 
dard  which  could  be  used  as  referee  in  the  case 
of  disagreements  about  the  parameter  values 
assigned  to  a  crystal  unit.  careful  consid¬ 

erations  it.  was  concluded  that  (a)  any  isolated 
response  of  a  crystal  vibrator  is  to  be  charac¬ 
terized  by  its  equivalent  circuit  parameters  and 
(b)  the  mast  suitable  techniques  for  reliable 
determination  of  the  values  of  these  parameters 
are  based  on  the  use  of  admittance  and/or  impe¬ 
dance  bridges.  A  Standards  Draft  was  prepared 
accordingly.  It  contains  a  definition  of  the 
parameters  to  be  used  for  characterizing  a  crys¬ 
tal  unit  and  it  specifies  hjv  these  parameters 
Ghould  be  measured  when  either  on  admittance  or 
an  impedance  bridge  is  used.  An  Important  factor 
influencing  the  formulation  of  the  draft  has  been 
a  round  robin  experiment  participated  in  by  most 
members  of  the  group. 

In  the  paper  available  techniques  for  crystal 
measurements  will  be  reviewed  in  broad  terns 
with  emphasis  on  their  common  aspects.  The  tech¬ 
nique  proposed  by  the  IEEE  Subcommittee  on  Crystal 
Measurements  for  standard  reference  purposes  will 
then  be  discussed  in  some  detail,  and  the  rationale 
that  led  to  this  selection  will  be  presented.  The 
paper  will  Include  on  analysis  of  the  rou.id  robin 
reeulto . 

Introduction 

During  the  past  year  a  group  of  ten  people 
including  crystal  users  and  crystal  producers 
from  both  government  and  industry  in  the  USA  have 
been  considering  the  problem  of  crystal  unit 
measurement.  This  group  —  the  IEEE  subcommittee 
on  crystal  unit  measurement  -  was  charged  with 
producing  a  draft  which  would  improve  the  accur¬ 
acy  and  raise  the  frequency  limit  covered  by  IEEE 
measurement  standards  from  the  curr-ent  limit  of 
approximately  30  MHz  to  about  300  MHz,  and  would 
either  supplement  or  replace  the  present  measure¬ 
ment  standard  (IEEE  Standard  No.  177 This 
paper  is  an  outgrowth  of  the  effort  expended  by 
this  i  rb-coaanlttee  and  deals  with  the  considera¬ 
tions  which  went  into  the  preparation  of  the 
standards  draft . ^  A  round  robin  experiment 


(participated  in  by  most  members  of  this  sub¬ 
committee)  was  devised  to  help  evaluate  the 
measures ent  techniques  under  consideration,  in¬ 
cluding  admittance  and  impedance  bridges,  n  trans¬ 
mission  networks  and  crystal  impedance  ( Cl) meters, 
and  has  been  an  important  factor  influencing  the 
formulation  of  the  draft. 

The  function  of  a  standard,  as  interpreted 
by  the  sub-comnittce  is  to  define  clearly  the 
parameters  that  have  to  be  determined,  and  to 
specify  a  particular  technique  which  is  most 
likely  to  give  an  accurate  measure  of  the  numeri¬ 
cal  values  of  these  parameters. 

The  fact  that  a  given  measurement  techni¬ 
que  has  been  selected  for  the  standard  does  not 
mean  tliat  no  other  technique  can  or  should  be 
used  in  the  evaluation  of  the  characteristic 
quantities.  It  merely  means  that  anyone  using  a 
technique  other  than  that  specified  in  the  stan¬ 
dard  assumes  the  burden  of  proof  for  correlation 
of  his  data.  And,  whenever  there  is  a  discrepancy, 
the  values  obtained  by  using  the  standard  will 
govern. 

The  function  of  a  measurement  standard, 
therefore,  is  not  to  specify  the  one  and  only 
teclmique  to  be  used  for  the  evaluation  of  the 
parameters;  rather,  the  technique  specified  in 
thf  standard  should  be  the  most  accurate  avail¬ 
able  at  the  time,  so  that  the  ttandard  can  serve 
os  a  referee  in  the  case  of  a  dispute.  And,  of 
course,  it  should  be  useful  directly  where  the 
highest  measurement  accuracy  is  required. 

Even  the  best  measurement  techniques  provide 
accurate  results  only  when  proper  consideration 
is  given  to  instrumentation  errors.  As  measure¬ 
ments  extend  into  the  upper  HF  range  and  beyond, 
the  role  of  stray  circuit  elements  becomes  signi¬ 
ficant  and  it  becomes  difficult  to  evaluate  their 
effects  on  the  measurements,  particularly  if  tile 
method  of  measurement  requires  tliat  circuit  ele¬ 
ments  be  placed  in  series  with  the  crystal  unit 
in  order  to  determine  its  motional  arm  parameters. 
The  effect  of  stray  circuit  elements  on  measure¬ 
ments  is  a  problem  which  oust  be  dealt  with  no 
matter  what  measurement  technique  is  employed. 
Hence  the  desire  to  raise  measurement  standards 
to  cover  the  frequency  range  to  3 00  MHz  has 
necessitated  a  look  at  several  measurement  tech¬ 
niques  with  the  intent  of  selecting  that  techni¬ 
que  which  either  introduces  a  minimum  of  stray 
circuit  elements  into  the  measurement  network  or 
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provides  the  ability  to  balance  out  these  stray 
elements  so  that  they  have  a  minimum  effect  on 
the  measurements.  It  was  partly  because  of  the 
difficulties  In  assessing  the  effects  of  stray 
elements  on  measurement  accuracy,  and  the  ques¬ 
tionable  validity  of  assumptions  that  would  have 
to  bo  made  to  do  a  quantitative  analysis  of  these 
effects,  that  the  round  robin  experiment  was 
devised.  It  was  felt  that  the  results  of  this 
experiment  would  provide  on  insight  into  the 
accuracies  inherent  in  the  measurement  techniques 
which  were  under  consideration. 

This  paper  proceeds  by  first  considering  the 
equivalent  circuit  of  a  quartz  crystal  unit  and 
the  definition  of  terms. 3  Next  the  characteristic 
frequencies  of  the  equivalent  circuit  are  con¬ 
sidered  along  with  the  effects  of  added  circuit 
elements  on  these  frequencies.  A  review  of  some 
of  the  available  techniques  for  crystal  unit 
measurement  is  included,  and  finally  a  statisti¬ 
cal  analysis  of  the  data  taken  during  the  round 
robin  experiment  is  presented. 

Discussion 


The  electrical  behavior  of  a  lightly  damped 
mechanically  vibrating  system,  which  is  excited 
piecoelectrically  through  electrodes,  can  be 
represented  in  the  vicinity  of  a  mechanical  reso¬ 
nance  by  the  equivalent  circuit  shown  in  the  upper 
half  of  Fig.  17  In  this  figure  the  pr.med  ele¬ 
ments  represent  the  parameters  of  the  piezoelec¬ 
tric  vibrator  itself  while  the  un primed  elements 
represent  the  parameters  of  the  support  structure, 
an  additional  feature  which  becomes  important  at 
VHF's.  This  equivalent  circuit  assumes  (a)  that 
the  mode  in  question  is  effectively  isolated  from 
all  other  modes  of  motion,  i.e.,  the  admittance 
of  the  total  network  in  the  frequency  range  of 
interest  is  completely  dominated  by  the  equiva¬ 
lent  parameters  of  a  single  branch,  and  (b)  that 
the  frequency  range  considered  is  narrow  enough 
so  that  the  admittance  of  all  the  elements  in 
parallel  with  the  mode  in  question  reuains  essen¬ 
tially  constant.  The  physical  construction  of 
the  crystal  unit  is  here  asoumed  to  possess 
electrical  symmetry;  treatment  of  the  case  where 
this  is  not  a  valid  assumption  is  straightforward. 

Vhen  it  is  true  that 

a*  <<(£>* 


57  <<1><l£/«8Vd, 


then  the  effects  of  the  resistive  elements  In  the 
support  structure  ore  small,  and  the  equivalent 
circuit  reduces  to  that  in  the  lover  part  of 
Fig.  1  having  the  following  values 


Rl  =  R^u2  C0=ji  (C;  +Cc) 

h  =  V2  +  V 

C1  =  -^2  C1  Cd  =  cd  +  -4  °b 

with 

a  "  1  * 

u  =  1  —  «%(£  Ct,  +  C0  +  Cc). 

The  circuit  consisting  of  Lq,  Cq,  Rq,  and  C0 
has  been  termed  the  effective  vibrator  and  except 
for  Cc  and  L}j  it  reverts  to  the  actual  piezoelec¬ 
tric  vibrator  at  frequencies  sufficiently  low  so 
that  the  deviations  of  a  and  u  from  unity  become 
Insignificant.  The  performance  of  a  crystal  unit 
as  on  electrical  circuit  element  in  the  frequency 
range  of  an  isolated  mechanical  resonance  is  com¬ 
pletely  described  if  the  equivalent  circuit 
parameters  Rj ,  Lq,  Cq,  C0,  and  Cj  are  known. 

The  accuracy  to  which  the  values  of  these 
parameters  can  be  determined  is  in  the  order  of 
percent,  whereas  the  frequency  at  which  a  crystal 
unit  exhibits  a  certain  characteristic  value  must 
very  often  be  known  to  fractions  of  a  part  per 
million.  Hence  the  pair  Lq  and  Ci  is  usually 
replaced  by  only  one,  either  Li  or  Cq,  together 
with  one  of  the  characteristic  frequencies  of  the 
crystal  unit.  For  the  purposes  of  the  standards 
draft,  f8,  the  resonance  frequency  of  the 
motional  arm  has  been  choren.  fB  depends  only  on 
the  product  Lq  Cq  and  it  is  independent  of  the 
other  elements  in  the  equivalent  circuit,  i.e., 
C0,and  Cq  etc.  And  it  is  Independent  of  any  addi¬ 
tional  circuit  elements  which  may  be  added  in 
series  or  in  parallel  with  the  crystal  unit, 
intentionally  or  not,  when  it  is  placed  into  a 
using  circuit. 

In  fact  f8  is  the  only  frequency  that  is 
truly  characteristic  of  the  crystal  unit  itself, 
and,  when  fB  is  known,  all  other  so-called  char¬ 
acteristic  frequencies  are  readily  computed.  The 
sub-comaittee  has  decided,  therefore,  that  the 
quantities  which  should  be  used  to  describe  a 
crystal  unit  -  in  the  frequency  range  of  a  given 
response  -  shall  be  (Fig.  2)  Rq,  Ci,  f8,  C0  and 
and  C(j.  Equivalently,  either  Lq  or  Qq  can  be 
used  in  place  of  Cq.  To  complete  the  definitions 
part  of  the  standard  draft  a  set  of  equations, 
relating  the  other,  conventional,  characteristic 
frequencies  to  these  quantities  it  needed.  And 
these  relations  are  shown  in  Fig.  j. 

Since  the  parameters  of  the  equivalent  cir¬ 
cuit  generally  depend  on  the  vibrational  ampli¬ 
tude,  in  addition  to  being  functions  of  tempera¬ 
ture  and  static  stress,  measurements  should  be 
carried  out  at  a  specified  drive  level  and  care 
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East  be  taken  to  insure  that  the  drive  level  is 
held  constant  throughout  the  measure  cent.  It 
will  often  be  found  convenient  to  choose  the 
values  low  enough  such  that  tte  drive  level  effects 
on  the  measurements  are  minimal. 

The  imaittance  characteristics  of  the  crystal 
unit  are  best  examined  vhen  the  effective  vibra¬ 
tor,  modified  by  the  addition  of  a  capacitance  in 
parallel  with  C0  (to  account  for  the  support 
structure)  is  represented  by  the  network  shorn  in 
the  upper  left  part  of  Fig.  3. 

The  parameters  of  this  equivalent  circuit 
are  given  as 

X.  =  u  L,  ( «  _  ^1) 

1  si 

and 

X  ,  _ _ 1 

Xo  u(co  +  Cd/2) 

when  terminal  3  (Fig*  1,  lower  half)  is  not  con¬ 
nected, 

7  _ -1 _ 

“(C0  +  Cd) 

when  terminals  2  and  3  ore  shorted  together. 

The  impedance  and  admittance  plots  of  this  effec¬ 
tive  vibrator  provide  an  insight  into  the  role  of 
the  crystal  unit  an  a  circuit  element,  and  are 
useful  in  demonstrating  the  effects  of  added 
circuit  elements  on  the  characteristic  frequen¬ 
cies  of  the  crystal  unit.  Figure  s  illustrates 
the  fact  that  the  admittance  and  impedance  char¬ 
acteristics  of  the  piezoelectric  vibrator 
describe  circles  as  a  function  of  frequency,  vith 
every  point  on  these  circles  corresponding  to  a 
particular  imaittance.  The  characteristic  frequen¬ 
cies  of  the  effective  vibrator  are  indicated  on 
these  diagrams. 

Circle  representations  are  valid  only  if  the 
immittance  circle  diameter  is  large  compared  with 
the  change  in  reactance  due  to  CQ  in  the  measure¬ 
ment  range,  i.e.,  provided  <r»r. 

Techniques  for  determining  the  electrical 
characteristics  of  q  u-tz  crystal  units  can  be 
divided  into  two  main  categories.  In  one  the 
crystal  unit  is  used  as  the  principal  frequency 
controlling  element  in  the  feedback  network  of  an 
oscillator  while  in  the  other  the  crystal  unit  is 
used  as  the  principal  frequency  discriminating 
element  in  the  measurement  network  of  a  trans¬ 
mission  test  circuit.  Techniques  in  this  latter 
category  can  be  further  grouped  into  peak,  . 
zero  phase, or  null  transmission  networks. 

Many  variations  of  these  basic  techniques  are 
available.  In  the  most  sophisticated  case, 
measuring  instruments  can  be  interfaced  with  com¬ 
puters  to  provide  automatic  test  sets  for  deter¬ 
mining  all  the  parameters  of  a  crystal  unit,  and 
fe, iback  loops  can  be  provided  from  the  output 
of  any  of  the  above  mentioned  categories  of 


transmission  networks  to  control  the  frequency 
of  the  signal  source  and  thus  provide  both 
improved  accuracy  and  increased  convenience  of 
measurement. 5 “7  Test  oscillators  are  available 
which  can  provide  precise  measurements  of  crystal 
unit  frequency,  but  instrumentation  errors  become 
difficult  to  assess  vhen  using  presently  available 
oscillator  techniques  in  determining  motional 
arm  parameters." 

Measuring  the  crystal  unit  as  a  passive 
device  in  a  transmission  network,  requires  the 
following  equipment:  (a)  a  stable  frequency  gener¬ 
ator,  (b)  a  measuring  network  into  which  the 
crystal  unit  is  inserted  and  (c)  a  detector. 

Two  points  must  be  made  about  these  measure¬ 
ments  in  general:  (1)  all  measurements  must  be 
made  with  respect  to  a  very  carefully  defined 
plane  of  referenced  (2)  the  length  of  transmission 
line  between  the  device  being  measured  and  this 
reference  plane  will  alter  the  characteristics 
that  the  device  presents  to  the  measurement  net¬ 
work  unless  the  electrical  length  of  this  line  is 
a  multiple  of  X./2  of  the  applied  frequency.  * 
Figure  5  illustrates  the  network  used  for  deter¬ 
mining’  the  frequency  of  peak  transmission.  Re¬ 
placing  the  peak  detector  by  a  phase  sensing 
instrument  placed  across  points  A-B  provides  a 
measure  of  the  zero  phase  frequency. 

The  network  used  in  the  null  transmission 
(or  bridge )  method  is,  in  general,  a  full  lattice 
with  input  and  output  terminations.  In  practice 
the  circuit  configuration  for  HF  and  VHF  applica¬ 
tions  is  most  often  that  o’  a  Sobering  bridge, 
with  the  unknown  terminals  in  either  the  series 
arm  (impedance  bridge)  or  parallel  arm  (admittance 
bridge).  Another  null  instrument  is  the  trans¬ 
former  ratio-arm  bridge,  whose  external  operation 
is  identical  to  that  of  an  admittance  bridge. 

The  evaluation  of  the  crystal  unit  equivalent 
circuit  parameters  requires  in  all  cases  that  the 
Impedance  which  the  crystal  unit  presents  at  the 
measuring  terminals  be  determined  at  a  number  of 
frequencies  In  the  response  range.  These  impedance 
values  ore  then  compared  to  those  of  the  equiva¬ 
lent  circuit,  which  is  assumed  to  represent  the 
crystal  unit,  and  the  parameters  are  determined  to 
obtain  a  best  fit. 

In  a  peak  or  zero  phase  transmission  network 
the  impedance  of  the  crystal  unit  has  to  be  ex¬ 
tracted  from  the  relationship  of  magnitude  and  phase 
of  the  output  signal  to  the  input  signal.  This 
relationship  contains  the  Impedances, (resistances 
and  reactances ',  of  all  of  the  circuit  elements 
in  the  network,  each  with  its  associated  strays, 
which  must  thus  be  known  before  the  crystal  Impe¬ 
dance  and  hence  the  parameters  cun  be  calculated. 
This  process  would  in  general  be  carried  out 


♦Corrections  applicable  to  bridge  measurements  in 
cases  where  a  finite  length,  other  than  1  /2,  of 
transmission  line  between  the  measurement  and 
reference  planes  are  given  in  Ref.  4 
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with  theald  of  a  computer.  Considerable  simplifi¬ 
cation,  however,  results  when  all  the  network 
elements  can  be  assumed  to  be  purely  resistive 
and  when  moreover,  the  stray  elements  associated 
with  the  crystal  unit  and  the  series  capacitor 
can  be  neglected,  particularly  in  the  case  of  the 
zero  phase  technique. 5 

In  a  zero  transmission  (bridge)  network,  a 
voltage  equal  and  opposite  to  that  across  the 
branch  containing  the  crystal  unit  is  produced  by 
proper  adjustment  of  reference  circuit  elements 
within  the  bridge.  The  difference  in  the  settings 
of  these  reference  elements  obtained  when  first, 
an  open  (or  short)  circuit  element  and  then  the 
unknown  impedance  is  placed  at  the  "unknown" 
terminals  of  the  bridge  provides  a  direct  measure 
of  the  impedance  presented  by  the  device  under 
test.  Knowledge  of  the  detailed  structure  and 
impedance  values  of  the  reference  elements  is  not 
required  in  the  evaluation  of  the  crystal  unit 
impedance;  and  the  effects  of  stray  circuit  ele¬ 
ments  on  the  bridge  side  of  the  measurement  plane 
are  largely  eliminateu  oy  the  initial  balance  of  the 
bridge.  The  relationsnip  between  the  impedance  at 
the  unknown  terminals  and  the  settings  of  the 
bridge  controls  (reference  elements )  is  established 
during  calibration,  a  process  which  Is  greatly 
facilitated  by  the  fart  that  balance  for  the 
resistive  and  reactive  components  of  the  unknown 
are  very  nearly  independent  of  one  another.  Al¬ 
though  this  calibration  can  in  principle  be  carried 
out  to  any  degree  of  accuracy  required,  practical 
conslderationr  limit  the  amount  of  effort  that  can 
be  expended  in  the  calibration  of  individual  com¬ 
mercial  instruments. 

Each  approach  to  the  measurement  of  crystal 
unit  parameters  is  tlius  subject  to  certain  kinds 
of  erroi .  Because  of  the  wide  range  in  the 
character  and  magnitude  of  the  sources  of  these 
errors,  any  attempt  at  a  theoretical  error  analy¬ 
sis  involved  a  large  number  of  questionable  assump¬ 
tions,  leaving  the  results  subject  to  endless  rounds 
of  criticism.  Hence,  it  was  decided  to  conduct  a 
'ound  robin  experiment. 

The  purpose  of  the  round  robin  was  not  only 
to  obtain  a  measure  of  the  reproducibility  of  the 
data  attainable  on  the  same  crystal,  at  different 
geographic  locations  and  using  different  sets  of 
equipments  -  each  participating  member  used  his 
own  set  of  instruments;  but  equally  important, 
the  round  robin  provided  each  member  with  an 
opportunity  so  obtain  first  hand  experience  with 
the  various  competing  techniques  and  It  thus 
assured  that  the  final  decisions  taken  concerning 
the  standard  draft  had  been  tested  in  practical 
application. 

Before  the  rjund  robin  began,  a  two  day 
meeting  was  held  at  the  Electronic  Components 
Laboratory,  USAECOM,  Fort  Monmouth,  where  the 
detailed  procedures  to  be  followed  with  each 
instrument  were  experimented  with  and  finally 
decided  on.  The  crystal  units  were  provided  by 


several  of  the  members.  A  total  of  20  crystals 
were  used  ranging  in  frequency  from  1  WU  through 
196  MHs.  Since  it  was  obviously  impractical  to 
use  oven  control  with  each  crystal,  it  was  decided 
that  the  emphasis  would  be  placed  not  bo  much  on 
frequency  correlation,  but  mainly  on  the  parameters 
R^  and  C^.*  Nevertheless  the  crystals  were  eelected 
for  very  low  temperature  coefficients  around  room 
temperature  in  order  to  facilitate  the  measure¬ 
ment.  The  latter  involves  two  frequency  measure¬ 
ments  in  the  sac  "ixture  in  reasonably  rapid  suc¬ 
cession. 

The  instruments  used  were  the  Wayne  Kerr  B801 
Admittance  Bridge  (a  transformer  ratio-arm  instru¬ 
ment)  and  the  General  Radio  1606A  and  1606B  Impe- 
nance  Bridges  in  the  HP  range  and  the  Ceneral 
Radio  1602  or  lo09  Admittance  Meter  for  the  VHF 
range.  The  impedance  bridge  was  necessary  in  the 
HF  range,  even  if  admittance  meters  would  be  pre¬ 
ferred,  because  the  range  of  the  Wayne  Kerr  3801 
Is  restricted  to  R^  values  larger  than  loQ  . 

For  the  n  network  measurements  two  different 
d<  signs  were  used,  both  reported  on  at  tl  ■>  23rd 
Frequency  Control  Symposium.  One  is  that  uue  to 
Frerking,^  the  other  due  to  Franx, ^  Each  design 
is  thought  to  have  a  particular  advantage  over  the 
other.  The  Frerking  x  has  a  minimum  number  of 
components  and  hence,  presumably,  sources  of 
error  —  the  two  voltages  VA  and  Vg  are  measured 
directly  across  the  crystal  terminals,  whereas 
the  Franx  ••  places  great  emphasis  on  impedance 
Twitching  and  isolation  of  the  crystal  unit  from 
the  rest  of  the  instrumentation.  Models  of  the 
Frerking  x  were  constructed  by  each  user  follow¬ 
ing  detailed  instructions.  And  Mr.  Franx  has 
kindly  supplied  two  models  of  his  design;  these 
were  used  at  ECOM.  All  of  the  x  network  measure¬ 
ments  were  made  with  HP  Vector  VoltmeterG  to 
establish  zero  phase,  first  with  the  crystal  alone, 
then  vith  the^jrystal  and  load  capacitor  In  series 
to  obtain  C^. 


*In  independent  measurements  at  ECOM  it  has  been 
found,  using  a  b  MHz  fundamental  mode  crystal  unit 
Ir:  an  oven,  that  the  frequency  repeatability  is 
ai.out  1  x  10'10  in  several  measurements  with  the 
same  Instrument,  about  5  x  10'9,  when  using  dif¬ 
ferent  instruments  (serial  numbers)  of  the  same 
type.  In  the  VHF  range,  (110  MHz,  bth  overtone, 

Wq  -  6OOO0)  the  corresponding  numbers  are  1  x  Kf% 
and  2  x  10'd. 


♦♦For  the  measurements  carried  out  at  ECOM,  the 
identical  load  capacitors  were  used  on  the  two 
x  designs;  this  produces  a  somewhat  more  favor1 
able  weight  for  the  x  results  than  if  each  had 
been  furnished  with  a  separate  load  capacitor 
set.  This  weight  has  been  neglected  in  the  dis¬ 
cussion  of  results. 


The  procedure  chosen  for  the  admittance 
bridges  vas  first  to  establish  Initial  balance 
with  the  bridge  terminals  open,  by  using  the 
initial  balance  controls,  and  —  In  the  VHF  case  - 
by  adjusting  a  constant  impedance  transmission 
line  to  1/2  X .  This  corresponds  to  the  point  B=0 
in  Fig.  6.  Then  the  crystal  was  inserted  and  the 
bridge  was  balanced  off -resonance  by  setting  the 
susceptance  dial  to  thte  value  of  the  CL  suscep- 
tance;  this  corresponds  to  the  point  (l)  in  Fig. 

6.  The  conductance  dial  end  frequency  were  then 
adjusted  to  obtain  balance  at  the  point  (2). 

The  corresponding  values  are  directly  Gjg  =>  1/% 
and  the  frequency  is  fB,  the  motional  arm  reso¬ 
nance  frequency.  The  bridge  then  was  balanced  at 
two  more  points  on  the  admittance  circle,  sym¬ 
metrically  disposed  around  the  8U6ceptance  Bo  of 
the  parallel  capacitance  C0.  These  points,  3  and 
h,  are  indicated  in  Fig.  6  to  be  to  the  right 
of  the  center  of  the  circle.  Actually  the  two 
points  were  chosen  near  the  imaginary  axis  in  the 
case  of  the  Wayne  Kerr  BOOl  bridge,  and  near  the 
top  and  bottom  of  the  circle  in  the  case  of  the 
VHF  admittance  meter  GR1602. 

From  these  data  the  remaining  quantities  are 
determined  using,  for  the  b801  bridge 


inserted,  the  resistai.ee  dial  and  generator  fre¬ 
quency  arc  manipulated  until  balance  is  obtained 
at  the  point  6  of  Fig.  7*  These  values  are 
directly  the  resonance  frequency  fr  and  resis¬ 
tance  Rr.  Next  the  reactance  dial  is  changed  to 
a  value  above  and  below  the  setting  used  for  the 
initial  balance,  and  the  bridge  is  balanced  again 
in  each  case  by  manipulating  the  resistance  dials 
and  generator  frequency.  The  resulting  A  f  and 


A  X  values  are  then  used  to  compute  as  follows : 

.  v  2(f7  -  f6)  (f6  -  f8) 

C1  (ln  femtofaradG)  -  7%Tin  WTfV  ~ fQ? 


when  (Djff  -  D^)  =  (Dx6  ”  Dxfi)  =  Dxk  is  the 

1606  impedance  bridge  reactance  dial  setting  at 
point  k.  It.  is  simply  the  number  scribed  on 
the  dial  without  reference  to  units.  It  is  re¬ 
lated  to  the  actual  reactance  xBk  at  that  point 
(in  ohms)  by 


DXk  =  hk  *  f  (in  MHz)- 


For  all  these  measurements  the  drive  level 
of  the  crystal  units  has  been  kept  in  the  order 
of  1  fx  watt  to  reduce  the  frequency-drive  level 
effect. 


(fj,  -  f3i 

C1  Un  feratofarads)  =  -  (Dc3  -  Dc4)  • 

2  f2  (in  MHz) 


C0  (in  picofarads)  = 

where  Dck  is  the  admittance  bridge  capacitance 
dial  numerical  reading  at  point  k  without  regard 
to  units  and  Dq^  is  the  like  quantity  for  the  con¬ 
ductance  dial.  (When  is  very  small,  the 
second  terra  in  the  above  relation  is  negligible). 
For  the  0R1602  admittance  meter  were  used 

Cj_  (in  feratofaradc )  = 


(fr  -  f3)  Oqi  ; 

(^3  "  iW 


Although  some  measurements  had  been  made  by 
some  participants  using  crystal  impedance  (Cl) 
meters,  the  quantity  of  data  was  small.  Because 
the  sample  size  was  not  significant,  discussion 
of  results  obtained  with  thl3  instrument  is 
emitted;  the  data  appear  to  vary  greatly  in  quail - 
by  and  a  comparison  with  the  passive  measurement 
results  appeared  inappropriate. 

Before  a  detailed  discussion  of  the  round 
robin  results  is  given,  a  number  of  observations 
should  be  made.  The  crystals  were  first  mea¬ 
sured  at  the  ECOM  laboratories  then  sent  around 
to  the  various  participants  and  finally  returned 
to  ECOM  for  a  second  series  of  measurements. 
Although  the  crystals  UGed  were  carefully  selected 
in  the  beginning,  some  of  the  units  showed  obvi¬ 
ously  poor  correlation.  On  plotting  their  resis¬ 
tance  as  a  function  of  time,  one  sees  in  Fig.  3 
that  the  poor  correlation  was  not  the  fault  of 
the  equipment  used  nor  was  it  due  to  inattentive 
operators.  The  units  had  simply  changed  with  time 
and  very  noticeably  so.  The  examples  in  this 
figure  show  a  more  or  less  gradual  change  in  resis¬ 
tance.  In  one  other  case,  however,  Fig.  9,  there 
was  a  sudden  Jump  to  a  higher  value  which  probably 
occurred  in  transit. 


-3 

CQ  (in  picofarads)  =  x  10  t 
2  x  f2 

where  is,  similarly,  the  numerical  value  of 
the  ousceptance  arm  at  point  k. 

For  the  measurements  with  the  GRI6O0  impedance 
bridge  wo  specified  that  the  bridge  should  first 
be  initial -balanced  with  a  short  circuit  6ubsti- 
tuded  for  the  crystal  unit.  Then,  with  the  crystal 


CuBeG  like  these  do  occur  and  when  there  is 
a  lack  of  agreement  between  manufacturer  and  user 
data  it  is  not  necessarily  the  fault  of  the  mea¬ 
surements. 

In  analyzing  the  data  of  the  round  robin,  these 
crystals  were  excluded.  Of  a  total  20  crystals 
5  vere  eliminated  for  reasons  of  this  kind.  One 
other  sot  of  data  vas  excluded  because  of  an  obvi¬ 
ously  large  error  in  bridge  calibration;  all 
resistance  values  vere  higher,  by  about  10  Q  , 
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from  all  the  other  measurements .  In  this  ease 
it  was  a  series  of  VHF  measurements. 

Where  one  or  several  measurers  had  wade  a 
number  of  measurements  on  the  same  instrument, 
the  values  obtained  were  averaged  and  the  instru¬ 
ment  was  accorded  only  one  data  point  to  prevent 
any  undue  distortion  of  the  resulto. 

In  Fig.  10  each  point  represents  the  stan¬ 
dard  deviation  in  the  Rj_  values  divided  by  the 
mean  values  of  Rx  for  all  measurements  performed 
on  a  particular  crystal  at  the  various  locations 
and/or  on  instruments  of  different  serial  numbers 
of  the  same  model;  in  general  the  averages  include 
from  5  to  12  measurements,  (x  on  top,  Z  in  middle, 
Y  on  bottom)  In  the  case  of  the  x  network,  how¬ 
ever,  only  h  measurements  are  represented.  Only 
frequencies  up  to  20  MHz  are  shown  in  the  figure. 

We  find  that  the  standard  deviations  for  bridges 
are  comparable  to  those  for  the  k  network  mea¬ 
surements. 

The  results  with  the  x  networks  are  in  fact 
surprisingly  good,  considering  that  only  one  of 
the  two  models  used  was  of  professional  quality, 
namely  that  of  Franx,  whereas  the  other  was  home¬ 
made,  even  if  made  very  carefully,  and  the  resis¬ 
tors  used  for  calibration  were  the  standard  metal 
film  types.  Yet,  this  is  likely  to  represent  the 
typical  application,  where,  in  fact,  not  only  two, 
but  many  different  types  of  x  networks  vill 
probably  be  U6ed. 

On  the  other  hand,  the  bridges  used  had  not 
been  especially  calibrated  for  the  round  robin  — 
which  was  actually  a  violation  of  the  rules  in 
the  standard  draft,  which  specify  that  the  bridges 
be  calibrated.  Still,  we  know  now,  after  analyzing 
all  ol  the  data  teken,  that  not  all  of  the  scatter 
apparent  in  Fig.  10  is  due  to  errors  in  bridge 
calibration.  A  part  at  least  has  been  introduced 
by  the  less  than  optimum  choice  of  initial  balanc¬ 
ing  procedure.  Ihis  has  since  been  corrected  In 
writing  the  standards  draft.  In  fact,  had  this 
improved  procedure  been  used  in  the  round  robin, 
the  highest  points  on  Fig.  10  might  have  been 
around  or  even  below  yjj.  Similarly,  it  is  of 
course  quite  possible,  that  improved  techniques 
in  making  the  x  network  measurements  might  also 
result  in  lower  standard  deviations. 

The  resistance  data  obtained  on  the  admit¬ 
tance  meter  in  the  VHF  range,  Pig.  11,  is  very 
much  better  again.  The  standard  deviations  of 
all  values,  divided  by  the  mean  values  ore  in 
the  order  of  1.5  percent. 

We  consider  now  the  motional  capacitance 
determinations  with  the  various  instruments, 
beginning  with  the  VHF  measurements  taken  on  the 
GR1602  admittance  meter. 

The  normalized  standard  deviations  of  the  Cx 
measurements  in  the  VHF  range,  shown  in  Fig.  12 
averege  about  h^>,  which  is  to  soy,  there  is  quite 


a  bit  leas  correlation  here  than  for  the  corres¬ 
ponding  Rx  data*  In  addition,  the  points  on  the 
figure  all  cluster  about  the  b%  mark  so  there  is 
little  question  about  the  consistency  of  the 
deviation  in  this  frequency  range.  We  suspect 
that  the  specific  procedure  in  using  the  instru¬ 
ment  is  partly  responsible. 

The  results  of  the  HF  measurements  of  C^, 
are  shown  in  Fig.  13,  where  the  normalized 
standard  deviations  for  the  admittance  and  impe¬ 
dance  bridges  and  for  the  x  networks  are  plotted 
(  x  on  top,  Z  in  middle  and  Y  on  bottom).  Up  to 
10  MHz  the  x  network  points  lie  between  2  and 
yf>,  but  the  deviations  turn  upward  and  are  from 
h  to  6$  at  20  MHz.  For  the  impedance  bridges 
all  deviations  save  one  are  less  than  2/>,  aver¬ 
aging  about  1.5/6  over  the  whole  frequency  range 
to  20  MHz,  wiille  the  admittance  bridges  are  better 
still.  The  admittance  bridges  data  pointG  are, 
but  for  one  point,  under  Vf>  over  this  frequency 
range,  with  the  average  deviation  of  the  order 
0.5)6. 


We  conclude  from  the  round  robin  experiment 
that  the  bridge  techniques  are  capable  of  pro¬ 
viding  Cjl  information  with  the  correlation 
between  different  models  and  serial  numbered  instru¬ 
ments  used  at  different  geographic  locations 
better  than  thr  .ughout  the  frequency  range 
from  1  MHz  to  20t)  MHz,  better  than  2$  for  fre¬ 
quencies  fr 'm  1  MHz  to  at  least  20  MHz.  The  cor¬ 
relation  in  Cx  attained  with  zero  phase  x  net¬ 
work  techniques  is  about  in  the  range  from 
i  MHz  to  10  MHz,  but  begins  to  deteriorate  signi¬ 
ficantly  with  increasing  frequency  somewhere 
between  10  and  20  MHz.  The  correlation  in  the  R^ 
measurements  attained  t'  means  of  bridges  is 
obiiUt  equal  to  -.hut  attained  with  zero  phase  x 
networks,  at  least  up  to  20  MHz. 

Admittance  and  impedance  bridges  of  good 
quality  are  available  commercially  and  are 
requii-ed,  at  the  present  state  of  the  art,  for 
measurements  of  acceptable  accuracy,  at  least  for 
frequencies  above  10  MHz.  They  are  equally  well 
suited  for  the  direct  measurement  of  R^  and  fG. 

In  the  round  robin  experiment  synthesizers  were 
used  os  the  generator  and,  for  the  most  part,  com¬ 
munication  receivers  as  the  detectors.  When 
phase-sensitive  detectors  and  automatic  frequency 
control  on  the  generator  are  used, bridge  measure¬ 
ments  become  exceedingly  simple,  fast  and  versatile. 

In  contrast,  x  networks  suitable  for  zero- 
phase  transmission  measurements  are  not  now  avail¬ 
able  commercially.  They  have  to  be  constructed 
by  the  user  with  the  optimum  configuration  as  yet 
undetermined.  While  Rr  and  f  measurements  of 
acceptable  accuracy  can  be  made,  at  least  up  to 
20  MHz,  the  designs  used  in  the  round  robin  proved 
unsuitable  for  Cx  measurements  above  10  MHz. 

Further  advances  in  the  design  of  both  bridges 
and  x  networks  can  be  expected  in  the  future, 
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however,  the  relative  standing  of  these  two  tcch- 
nioues  in  regards  to  accuracy  and  versatility  for 
the  determination  of  resonator  parameters  is  likely 
to  remain  as  it  has  been  found  in  the  present  round 
robin  experiment  for  some  time  to  come. 

The  IEEE  Subcommittee  on  Crystal  Measurements 
has  decided,  therefore,  that  the  next  IEEE  standard 
on  crystal  measurements  in  the  range  from  1  MHz  to 
300  MHz  shall  be  based  on  bridge  techniques,  and 
a  standards  draft  has  been  prepared  accordingly. 
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PICURt  1.  Piezoelectric  Vibrator  K^ulrmlent  Circuits 
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RELATIONS  BETWEEN  THE  CHARACTERISTIC  FREQUENCIES  OF  A  PIEZOELECTRIC 
VIBRATOR  AND  THE  SERIES  RESONANCE  FREQUENCY  OF  THE  MOTIONAL  ARM 


The  "exact"  relations  contain  no  other  approximations  than  THAT  the  impedance 

OF  the  VI6RAt0R  OESCRlBES  A  PERFECT  CIRCLE  IN  THE  IMPEDANCE  PLANE 
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TEMPERATURE  COMPENSATED  CRYSTAL  OSCILLATORS 


Philip  C.  Duckett,  Ralph  J.  Peduto,  George  V.  Chizak 
Bulova  Electronics  Division 
Woodslde,  New  York 


Summary 


This  paper  discusses  the  Important 
aspects  necessary  for  the  successful 
design  and  manufacture  of  temperature 
compensated  crystal  oscillators  with  a 
frequency  stability  of  ±2/10 ^  over  a 
temperature  range  of  -40  °C  to  +75  °C  and 
with  an  input  of  50  milliwatts.  Four 
5  MHz  TCXO's  with  the  above  specifica¬ 
tions,  were  successfully  designed  and 
manufactured  at  Bulova  Electronics 
Division  for  the  U.  S.  Army  Electronics 
Command  at  Fort  Monmouth  for  potential 
use  in  suppressed  carrier  3lngle  side 
band  communications  equipment,  such  as 
the  Army  AN/PRC-70  tactical  transceiver. 


Included  in  this  paper  is  a 
description  of  the  crystal,  oscillator, 
amplifiers,  voltage  regulator,  compensa¬ 
tion  network,  computer  programs,  temper¬ 
ature  compensation  techniques,  test 
equipment  and  test  results. 


Introduction 


The  ever-growing  popularity  of 
suppressed  carrier  single  side  band 
equipment  in  the  HF  and  VRF  bands  by  both 
commercial  and  military  communication 
users  has  brought  about  the  extensive  use 
of  temperature  compensated  crystal 
oscillators  a3  the  signal  source  in  the 
frequency  synthesizers  utilized  by  this 
type  equipment.  The  frequency  stability 
required  of  TCXO's  used  in  the  Army 
AN/PRC-70  tactical  transceiver  is  ±2PP10< 
over  the  temperature  range  of  -40 °C  to 
+75°C.  This  paper  discusses  3cme  of  the 
important  aspects  necessary  to  success¬ 
fully  and  consistently  manufacture  TCXO's 
meeting  this  requirement.  In  particular 
the  design  and  manufacturing  techniques 
utilized  to  fabricate  four  Bulova  Model 
TCXO-2  temperature  compensated  crystal 
oscillators  as  supplied  to  the  U.  S, 


Army  Electronics  Command,  Solid  State  and 
Frequency  Division,  Fort  Monmouth,  New 
Jersey  on  Purchase  Order  Number 
DAAB07-70-M-1356  is  presented.  These 
oscillators  (Figure  1)  were  designed  and 
manufactured  to  meet  the  following 
requirements: 

Frequency:  5  MHz 

Frequency  Stability: 

Temperature:  ±2PP10<  maximum  over 
the  temperature  range  of  -40°C 
to  +75  °C .  R 

Voltage:  ±5PP10°  maximum  for  a 
supply  variation  of  ±5$. 

Load:  ±1PP10°  for  a  load  varia¬ 
tion  of  ±20°,  ±10#. 

Frequency  Aging:  ±1PP10°  per  week 
at  60 °C. 

Output  Voltage:  125  millivolts  RMS 
minimum  Into  50  ohms . 

Input  Power:  50  milliwatts  maximum 
at  12  VDC 

Size:  2"  x  2”  x  l". 


Most  of  the  processes  to  be  discussed 
In  this  paper  were  initially  developed  at 
Bulova  for  the  design  and  manufacture  of 
600  TCXO's,  with  a  stability  of  ±5PP10? 
from  -4o°C  to  +75°C.  These  oscillators 
were  used  in  the  AN/GRR-17  radio  receiver 
set  which  is  a  Marine  Corps,  general 
purpose  single  side  band  receiver. 


Crystal 


The  crystals  used  for  the  oscillators 
were  designed  and  manufactured  at  Bulova. 
The  crystals  are  5.0  MHz,  fundamental, 
plano-convex  plates  with  aluminum  elec¬ 
trodes,  mounted  in  evacuated  HC-27/U 
holders.  They  are  ordered  to  the  detail 
requirements  of  MIL-C-3098D,  type  CR-90/U 
with  two  exceptions. 


The  first  exception  is  frequency 
deviation  vs.  temperature.  The  MIL 
specification  requires  that  the  frequency 
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deviation  between  -40°C  and  the  upper 
turning  point  shall  be  within  ±5PPM.  In 
keeping  with  our  computer  optimizing 
procedure  to  be  discussed  in  a  later 
section,  the  frequency  deviation  versus 
temperature  of  the  crystal  is  specified 
in  terms  of  its  upper  and  lower  turning 
points  and  inflection  temperature. 


The  second  exception  deals  with 
spurious  mode  coupling  effects.  The  MIL 
specification  states  a  maximum  allowable 
change  in  crystal  resistance  of  less  than 
1  ohm  per  3°C  over  the  temperature  range 
of  -55°C  to  +90 °C.  We  prefer  to  indicate 
a  maximum  allowable  frequency  disconti¬ 
nuity  over  the  temperature  range.  It  is 
specified  in  this  manner  because  a 
discontinuity  in  terms  of  frequency  rather 
than  resistance  is  more  meaningful  and 
directly  related  to  the  frequency  versus 
temperature  stability  required  of  the 
oscillator. 


Circuit 


The  degree  of  complexity  of  a  giyen 
packaged  oscillator  circuit  is  dictated 
by  the  required  performance  characteris¬ 
tics.  In  the  case  of  these  TCXO's  the 
specifications  indicate  the  need  for 
suitable  buffering  between  the  oscillator 
and  load  and  good  regulation  of  the  supply 
voltage  both  to  the  oscillator  and  compen¬ 
sation  network.  Thus  in  addition  to  an 
oscillator  stage  and  power  amplifier,  the 
units  incorporate  a  buffer  amplifier 
between  the  oscillator  and  power  amplifier 
and  a  series  regulator. 


The  crystal  oscillator  stage  is  a 
Pierce  oscillator  with  an  isolating 
resistor  in  the  feedback  path.  This 
circuit  is  ideal  for  this  application 
3ince  both  the  crystal  drive  level  and 
signal  voltage  across  the  voltage-variable 
capacitance  diode  can  be  readily  adjusted. 
Typically,  the  crystal  drive  level  is  set 
to  10  microwatts.  The  buffer  amplifier 
and  the  power  amplifier  ere  of  the  common 
emitter  configuration  and  are  bias 
stabilized  with  a  stability  factor  of  less 
than  10.  The  series  regulator  incorpo¬ 
rates  a  pre-regulator  which  serves  as  a 
constant  current  source  for*  the  reference 
type  zener  diode.  The  entire  regulator 
circuit  is  temperature  compensated.  The 
voltage  regulator  has  a  regulation  factor 
of  0,5%,  a  voltage  variation  over  the 
temperature  range  of  50  millivolts  and  a 
power  consumption  of  25  milliwatts. 


Compensation  Network 


The  method  employed  to  compensate  is 
best  described  as  continuous  compensation, 
where  a  network,  consisting  of  resistors 
and  thermistors  continuously  change  the 
bia3  voltage  of  the  voltago-varlable 
capacitance  diode  as  a  function  of 
temperature.  The  voltage-variable  capac¬ 
itance  diode  is  in  series  with  the  crys¬ 
tal,  therefore  the  varying  voltage  to  the 
voltage-variable  capacitance  diode  causes 
a  resultant  change  in  its  capaeit;  nee 
which  in  turn  changes  the  crystal 
frequency  by  the  amount  required  for 
compensation.  The  networks  used  are 
classified  by  the  number  of  points  that 
are  used  to  synthesize  the  network.  Thus, 
what  is  termed  a  five  point  network, 
compensates  or  clamps  five  points  along 
the  crystals  temperature  coefficient 
curve,  while  a  six  point  network  compen¬ 
sates  or  clamps  six  points.  The 
particular  network  selected  for  a  given 
application  depends  on  the  required 
frequency  stability  and  temperature  range. 
Through  the  use  of  a  computer  analysis  the 
optimum  performance  of  the  various 
networks  can  be  computed.  Thus,  upon 
reviewing  the  specific  requirements  of 
this  contract,  the  type  of  network  to  be 
used  was  readily  determined. 


The  computer  runs  indicated  that  the 
requirement  could  be  met  with  a  five  or 
six  point  compensation  network.  Using  a 
five  point  compensation  network  reduced 
the  allowable  3pread  of  crystal  upper 
turning  point  from  the  usual  ±5°C 
tolerance  to  ±2.5°C,  when  limiting  the 
theoretical  erz*or  to  be  no  worse  than  2/3 
of  the  actual  error  allowed  in  the 
performance  requirements.  The  theoretical 
error  for  a  five  point  compensation  net¬ 
work  with  a  crystal  upper  turning  point 
spread  of  ±2.5°  is  a  minimum  of  1.7PP10' 
peak  to  peak  and  as  shown  in  Figure  2,  a 
maximum  of  3.OPPIO7  peak  to  peak.  In 
order  to  utilize  readily  available 
crystals  with  an  upper  turning  point 
spread  of  ±5°C  the  decision  was  made  to 
use  a  six  point  compensation  network. 

Over  the  temperature  range  of  -U*OcC  to 
•r75<‘C,  the  best  theoretical  error  of  the 
six  point  network  was  found  to  be  a 
minimum  of  2.0PP1Q'  peak  to  peak  and  as_ 
shown  in  Figure  3,  a  maximum  of  2.0PP10’ 
peak  to  peak  for  a  crystal  upper-  turning 
point  spread  of  ±5*.  The  six  points  used 
for  compensation  were,  the  crystal’ 3  upper 
and  lower  turning  points,  the  crystal’s 
inflection  point,  the  minimum  and  maximum 
operating  temperatures  and 
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Physically  the  network  is  made  up  of  1.0$ 
metal  film  resistors  with  temperature 
coefficients  of  ±50PPM  and  wafer  type 
thermistors  with  various  negative 
temperature  coefficients  measured  to  a 
1.0$  tolerance. 


Computer  Programs 


The  synthesis  of  the  compensation 
network  and  the  techniques  used  to 
optimize  the  various  paramecers  affecting 
the  final  performance  of  the  TCXO's  are 
carried  out  through  the  use  of  a  computer 
time-sharing  service.  All  of  cur  programs 
are  written  in  Advanced  Basic. 


During  the  initial  stagss  of  design 
the  first  computer  program  is  used  to 
determine  the  optimum  value  of  the  many 
variables  affecting  the  compensation. 

Ti  ese  variables,  the  crystal  upper  turn¬ 
ing  point,  the  compensation  network 
excitation  voltage,  the  WCD  value,  the 
nominal  bia3  voltage  applied  to  the 
voltage-variable  capacitance  diode,  and 
the  six  temperatures  at  which  the 
compensation  network  is  to  be  synthesized, 
are  optimized  by  the  computer  ranging 
these  variables  over  prescribed  limits  and 
selecting  values  that  yield  a  minimum 
error. 


A  second  program  performs  the  actual 
synthesis  of  the  compensation  network. 

This  program  utilizes  an  iterative  process 
to  calculate  the  values  of  the  elements 
in  the  network.  The  program  accepts  data 
in  the  form  of  the  correction  voltages 
and  the  resistance  ratios  of  the  thermis¬ 
tors  that  are  required  at  each  of  the  six 
temperatures  selected  for  compensation. 

The  iteration  process  is  then  carried  out 
by  the  computer  until  the  difference 
between  the  element  value  of  one  Iteration 
i3  less  than  .01$  of  the  one  preceeding 
it  for  all  element  values.  Typically, 
convergence  of  all  elements  of  the  network 
is  reached  after  100  iterations.  This 
entire,  rather  complex  computation  is 
carried  out  by  the  computer  in  less  than 
5  seconds. 


Having  synthesized  the  network,  a 
third  computer  program  then  calculates  the 
frequency  error  that  will  result  at  each 
of  the  six  temperatures  for  a  1.0$ 
variation  of  each  network  element.  The 
data  obtained  in  this  program  is  made  use 
of  in  the  correction  process  discussed  in 
the  next  section. 


Temperature  Compensation  Techniques 


Compensation  of  the  crystal  and 
oscillator  begins  with  a  temperature  run 
of  the  entire  oscillator  without  the 
compensation  network.  This  temperature 
run  is  performed  to  verify  that  the 
spurious  modes  of  the  crystal,  if  they  do 
exist,  are  less  than  the  maximum  as 
specified  on  the  crystal  specification, 
and  that  the  upper  and  lower  turning 
points  fall  within  the  range  specified. 
Following  this,  a  second  temperature  run 
is  performed  to  determine  the  voltages 
required  at  the  six  temperatures  to 
compensate  the  temperature  coefficient  of 
both  the  crystal  and  circuit.  Having 
determined  the  voltages,  the  network 
required  to  compensate  each  oscillator  is 
synthesized  using  the  second  computer 
program.  The  network  elemi  nt  values 
calculated  by  the  computer  are  recorded 
and  the  required  resistors  and  thermistors 
are  selected  from  stock  and  wired  into  the 
oscillator.  The  compensated  oscillator  i® 
again  run  over  the  specified  operating 
temperature  range.  The  frequency  error 
at  each  measured  temperature  point  after 
the  first  run  is  typically  l-to-lOPPIO? . 

To  correct  foi  these  errors,  use  is  made 
of  the  third  computer  program.  Thi3 
program  Indicates  the  effect  on  frequency 
at  the  six  clamp  points  for  a  1.0$ 
variation  of  each  network  element.  In 
addition,  the  effect  of  each  network 
element  for  temperatures  on  either  side  of 
the  clamp  point  can  be  readily  extrapo¬ 
lated.  Thus,  to  correct  a  given  network 
for  errors  that  are  in  excess  of  the 
final  requirement,  the  element  or  elements 
having  the  most  effect  are  changed  in  the 
amount  and  direction  Indicated  from  the 
computer  run.  For  these  four  oscillators, 
the  average  number  of  corrections  required 
to  meet  the  +2PP10?  allowable  frequency 
deviation  over  the  temperature  range  was 
eight. 


All  temperature  run3,  except  the 
second,  are  performed  automatically  in 
five  degree  steps  using  the  equipment 
described  in  the  next  section. 


Te3t  Equipment 


To  facilitate  the  determination  of 
the  necessary  parameters  to  temperature 
compensate  a  crystal  oscillator  with  a 
minimum  of  errors  and  expenditure  of  man¬ 
power,  special  semi-automatic  test 
stations  were  designed  and  fabricated. 
These  test  stations  permit  an  operator  to 
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perform  a  variety  of  tests  on  a  large 
quantity  of  oscillators  in  various  stages 
of  completion  rapidly  and  reliably  with 
a  minimum  of  attention. 


Each  test  station  consists  of  a 
Bulova-designed  programmable  Controller, 
a  Temperature  Test  Chamber,  an  Electronic 
Counter,  a  Digital  Recorder,  a  frequency 
Error  Expander  and  a  Digital  Voltmeter, 
as  shown  in  figure  4. 


The  precision  Temperature  Test 
Chamber  utilizes  a  central  low  pressure 
C0£  system  and  a  proportional  type 
temperature  control.  These  features 
result  in  a  control  accuracy  of  better 
than  0.15°C.  The  Digital  Recorders  used 
were  modified  to  print  out  the  unit 
number,  the  ambient  temperature  and  the 
frequency  of  the  oscillator  under  test 
upon  command  from  the  Controller. 


The  use  of  a  frequency  Error  Expander 
in  the  system  permits  taking  frequency 
data  in  PP1()9  for  a  one-3econd  time 
Interval.  The  Controller  automatically 
coordinates  and  controls  the  functions 
of  all  these  instruments,  the  temperature 
range  over  which  the  tests  are  performed, 
the  time  interval  between  temperatures, 
the  number  of  units  to  be  tested  and  the 
printing  of  data. 


The  Controller  permits  obtaining  and 
recording  most  of  the  data  on  the 
oscillators  under  test  automatically  and 
unattended.  Override  switches  on  the 
Controller  permit  the  operator  to  stop  a 
given  test  or  perform  a  test  manually 
when  necessary. 


Test  Results 


The  frequency  stability  vs. 
temperature  for  the  four  TCXO's  is  shown 
in  figures  5  through  8. 

The  first  unit  has  a  stability  of 
+1.4  and  -1.9  PP10' 

The  second  unit  has  a  stability  of 
+2.0  and  -1.6  PP107 
The  third  unit  ha3  a  stability  of 
+1.9  and  -2.0  PP107 
The  fourth  unit  has  a  stability  of 
+2.0  and  -2.0  PP107 


Summarizing  this  data,  we  can  see 
that  all  four  TCXO's  met  the  frequency 
stability  vs.  temperature  requirements. 
The  test  data  for  frequency  vs.  load  and 


supply  variation  is  shown  in  figure  9. 
Hue  data  indicates  that  all  the  units 
meet  specifications  with  the  exception 
of  one  unit  which  failed  the  change  in 
load  requirement. 


Conclusion 


We  feel  that  TCXO's  with  the  same 
requirements  as  those  which  have  been  the 
subject  of  this  paper  can  be  manufactured 
in  production  quantities,  reliably  and 
consistently,  because  these  four  TCXO's 
used  computer  aided  design  methods, 
crystals,  circuits  and  automatic  test 
equipment  similar  to  those  that  have  been 
used  at  Bulova  over  the  last  several 
years  to  manufacture  several  thousand 
TCXO's  with  less  stringent  requirements. 
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A  JEW  AFPROACH  TO  A  HIGH  STABILITY 


7EMPERATORK  COMPBHSATED  CHTSTAL  OSCILLATOR 
S.  Schouovski 

Electronic  Components  Laboratory,  USAECOM 


Fort  Monmouth, 


This  paper  describes  a  compensation  approach 
based  upon  the  introduction  of  controlled  non¬ 
linearity  into  the  TCXO's  frequency-voltage 
tuning  characteristic  by  using  a  pair  of  varactor 
diodes  and  a  fixed  bias  source.  The  result  Is 
considerable  simplification  of  the  temperature 
compensation  process  for  a  TCXO  using  a  funda¬ 
mental  AT-eut  crystal  unit.  The  simplification 
cooes  about  by  transformation  of  portion  of  the 
classic  cubic  voltage  correction  function  to  a 
monotonic  function  which  then  can  be  approximated 
to  a  high  degree  of  accuracy  using  one  or  two 
"3  point"  network  segments  employing  a  given,, 
thermistor  In  each.  A  stability  of  +jj  x  10~° 

(5  to  80*C)  was  obtained  in  one  case  '/here  the 
required  mo no tonic  compensation  function  was 
generated  In  two  segments. 

In  another  example,  a  stability  of  +1  x  Kf ^ 
was  easily  obtained  by  compensating  over  a  +10*C 
range  about  the  upper  turnover  temperature. 

Introduction 

Recent  investigations  In  the  Electronic 
Components  Laboratory  have  concerned  new  methods 
and  techniques  for  low  power  quarts  reference 
oscillators.  These  studies  have  been  directed  at 
meeting  the  more  stringent  performance  require¬ 
ments  Imposed  by  future  tactical  SSB  equipments 
employing  digital  opeech  transmission.  The  prime 
requirement  for  the  reference  oscillator  In  HP 
equipment  of  this  type  Is  a  frequency-temperature 
stability  of  +5  x  1G"°  ovor  a  temperature  range 
of  -UO*C  to  8o*C.^  It  is  also  desired  that  for 
maximum  system  effectiveness  the  unique  character¬ 
istics  of  an  ovenLoas  quarts  reference  oscillator 
be  retained,  that  la,  instantaneous  operation  and 
low  power  consumption. 

This  paper  deoi~  ibes  a  temperature  compensa¬ 
tion  technique  which  can  provide  the  means  for 
meeting  these  requirements  over  a  limited,  but 
substantial,  part  of  the  operating  temperature 
range.  Unlike  previously  published  compensation 
techniques,  this  one  is  baaed  upon  an  Intro¬ 
duction  of  controlled  nonlinearity  into  the 
varactor  network  such  as  to  alter  the  oscillator's 
frequency-voltage  tuning  characteristic.  The 
result  Is  a  transformation  of  a  portion  of  the 
classic  cubic  correction  function  Into  a  mo no tonic 
function  which  can  then  be  accurately  approxi¬ 
mated  using  simple  thermistor-resistor  networks. 
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Classic  TCXO  Tuning  Method 

The  method  of  varactor  tuning  in  a  classic 
high  quality  TCXO  is  shown  In  Fig.  1.  Typically, 
the  compensation  control  voltage,  BC(T),  is 
applied  to  a  single  varactor  positioned  within 
the  transformation  network  of  a  modified  Pierce 
circuit.  Inasmuch  as  the  values  of  feedback 
capacitors  CA  and  Cj,  are  relatively  large,  Cv, 
the  varactor  capacitance  dominates  the  total 
effective  capacitance  seen  by  the  crystal.  The 
crystal  is  typically  a  fundamental  AT-cut  unit 
rated  at  a  load  capacitance  of  30  pF.  The  oscil¬ 
lator  has  a  relatively  linear  frequency-voltage 
tuning  response  essentially  described  by  the 
equations  shown  where  C0  and  r  are  crystal  con¬ 
stants  and  K,  H  and  0  are  varactor  constants. 
Linearity,  measured  os  deviation  from  a  straight 
line,  la  typically  less  than  5J&  for  a  control 
voltage  range  of  +1  volt. 

The  compensation-tuning  process  In  the  clas¬ 
sic  circuit  is  shown  graphically  in  Fig.  a.  The 
first  quadrant  contains  the  required  frequency- 
temperature  compensating  characteristic  walch  is 
the  Inverse  of  the  oscillator's  uncompensated  F-T 
characteristic.  A  projection  of  points  by  way  of 
the  frequency-voltage  tuning  characteristic  in 
quadrant  II  and  the  unity  transfer  voltage  line 
of  quadrant  III  establishes  the  characteristic 
curve  of  quadrant  IV.  It  le  this  voltage -temper¬ 
ature  curve  of  quadrant  IV  which  Is  required  to  be 
generated  by  a  thermistor-resistor  network.  The 
shape  of  the  curve  closely  resembles  the  shape  of 
the  oscillator's  cubic  frequency-temperature  curve. 
It  is  only  alightly  modified  by  the  minor  non¬ 
linearity  of  the  tuning  characteristic.  Hie  com¬ 
plexity  of  synthesizing  a  suitable  thermistor- 
resistor  network  stems  from  the  high  degree  of 
nonlinearity  of  this  function.  To  reduce  the  com¬ 
plexity  and  hence  simplify  the  compensation  pro¬ 
cess  it  is  required  that  the  volt  age -temperature 
curve  of  quadrant  IV  be  mono tonic.  To  achieve 
this  requirement  wo  could  do  one  of  the  following: 

1.  In  quadrant  I,  increase  the  angle  of  cut 
of  the  crystal  such  that  turnover  points  are 
placed  outside  the  operating  temperature  range. 
However,  an  increased  crystal  angle  would  invari¬ 
ably  increase  the  slops  leaving  no  net  advantage. 
For  instance,  a  shift  of  the  upper  turning  point 
from  bO*C  to  85*C  would  result  In  a  slope  increase 
by  a  factor  of  7  and  an  Impractical  required  com¬ 
pensation  factor  greater  than  500  to  1. 
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2.  We  could  reshape  the  frequency-tuning 
characteristic  of  quadrant  II  with  nonlinear 
variable  reactance  devices?  such  that  it  has  a 
nonlinearity  approximating  the  curve  iu  quadrant 
I.  The  result  can  be  either  an  increasing  or 
decreasing  raonotonic  function  in  quadrant  IV. 

3,  We  could  Introduce  a  function  generator 
stage  between  the  thermistor  and  varactor  net¬ 
works  which  would  provide  a  cubic  voltage  trans¬ 
fer  characteristic  in  quadrant  III,  again,  approx¬ 
imating  the  curve  of  quadrant  I.  A  compensation 
technique  based  upon  this  concept  was  presented 
at  the  1968  Symposium  by  Mr.  Vovelle  of  the  C£F 
Company  in  France. ' 

It  is  the  second  method,  based  upon  shaping 
the  tuning  characteristic  of  quadrant  H,  which 
is  the  subject  of  this  paper. 

Moalinear  TCXO  Tuning  Method 

The  circuit  of  Fig.  3  includes  a  modification 
to  the  classic  circuit  which  provides  it  with  a 
capability  for  nonlinear  shaping  of  the  frequen¬ 
cy-voltage  tuning  characteristic.  The  modifica¬ 
tion  simply  involves  the  addition  of  a  second 
varactor  Vg  and  a  fixed  reverse  bias  source  Eb* 
which  is  chosen  to  be  always  greater  than  the 
variable  control  voltage  Ec.  This  parallel 
arrangement  aids  the  two  separate  varactor  capaci¬ 
tances  to  form  a  total  capacitance  given  by  the 
equation  shown.  It  can  bo  eanily  seen,  that  an 
increase  in  control  voltage  Ec  results  in  a  de¬ 
crease  in  the  capacitance  of  varactor  and 
simultaneously,  an  increase  in  the  capacitance 
of  varactor  Vg.  The  capacitance  of  varactor  Vg 
increases  because  its  reverse  bias,  the  differ¬ 
ence  between  Eb  and  V  decreases. 

The  net  capacitance  variation  of  the  varac¬ 
tor  pair  io  shown  in  Fig.  4.  Here  we  note  a 
resemblance,  at  least  in  diasyaaetry,  to  the 
shape  of  the  oscillator's  cubic  frequency-temper¬ 
ature  response  in  the  vicinity  of  the  upper 
turning  point  temperature.  The  left  handed  skew¬ 
ness  of  the  curve  results  when  a  shaping  factor 
S,  defined  as  the  ratio  of  varactor  constants  1C 
and  JO. ,  is  chosen  to  have  a  value  less  than  one. 

In  practice,  S  io  determined  from  the  ratio  of 
the  rated  nominal  values  of  the  two  varactors. 

With  S  equal  to  one,  a  perfectly  symmetrical 
curve  approximating  a  parabola,  would  result. 
Whereas  a  shaping  factor  S  greater  than  one  would 
produce  a  curve  skewed  in  the  opposite  direction. 

In  addition,  parameters  K1  and  Ej,  describe  the 
the  vortex  of  the  curve  a o  Bhoun  by  the  equations 
for  the  turning  point  coordinates.  K^,  essentially 
controls  the  turnover  voltage  and  KL  controls  the 
.level  of  capacitance.  Therefore,  three  degrees 
of  freedom  are  available  for  shaping,  position¬ 
ing  and  adjusting  sensitivity  of  the  capacitance 
,  ’toga  response  ouch  as  to  result  in  an  opti¬ 
mum  ,-equency  tuning  characteristic. 


Figure  5  shows  the  relation  between  char¬ 
acteristics  for  a  TCXO  using  nonlinear  varactor 
tuning.  Again,  quadrant  I  contains  the  required 
compensating  characteristic.  The  slope  of  10  ppm 
represents  <.a  optimum  design  center  established 
for  maximizing  compensated  stability  and  tempera¬ 
ture  range.  Quadrant  II  contains  tins  frequency- 
volpage  tuning  characteristic  resulting  from  use 
of  she  varactor  pair  network  previously  described. 
Again,  by  graphic  projection  we  obtain,  in  the 
fourth  quadrant,  the  voltsge  temperature  char¬ 
acteristic  which  needs  to  be  generated  by  a 
thermistor  network.  Unlike  the  required  voltage- 
temperature  curve  of  the  classic  tuning  me  tiled 
this  curve  is  monotonic  in  the  temperature  range 
of  0  to  80°C.  It  can  be  very  simply  and  accurate¬ 
ly  generated  an  will  be  described  later. 

Conditions  which  must  bc  met  in  order  to 
assure  a  suitable  monotonic  V-T  function  ore  the 
following: 

1.  Coefficients  of  the  tuning  character¬ 
istic  must  be  approximately  matched  to  coeffi¬ 
cients  of  the  compensation  characteristic  in  the 
vicinity  of  turnover.  That  io,  a'  in  Fig.  5 
should  be  made  equal  to  a  and  b '  equal  b  at  points 
equidistant  from  their  respective  turnovers  which 
are  indicated  by  +&T  and  ±  AE.  This  matching  of 
coefficients  simply  involves  the  Judicious  selec¬ 
tion  of  values  for  the  three  shaping  parameters 
previously  discussed.  The  accuracy  of  match  is 
not  critical  and  It  is  required  to  be  done  only 
once  for  a  design  center  curve.  This  means  that 
the  two  selected  varactors  and  bias  voltage 
becooe  standard  for  a  given  design. 

2.  The  turning  point  frequencies  of  the 
compensating  and  tuning  characteristics  must 
be  made  coincident.  This  is  o  critical  require¬ 
ment.  It  is  accomplished  by  an  initial  calibra¬ 
tion  of  the  oscillator  after  it  lias  been 
stabilized  at  its  turning  point  temperature,  and 
with  the  varactor  control  voltage  set  to  the 
turnover  voltage  of  tin  tuning  characteristic. 

Having  satisfied  these  conditions,  measure¬ 
ment  data  necessary  to  compute  the  thermistor- 
resistor  network  values  is  then  taken  ut  three 
temperatures,  two  at  extreme  end  points  of  the 
operating  range  and  the  third,  at  an  intermediate 
point  which  is  one  of  maximum  changing  slope. 

The  Three  Point  Thermistor  network 

The  thermistor-resistor  network  and  method 
of  solution  used,  result  in  generating  exact 
voltages  at  the  three  temperature  points.  The 
network  Is  shown  in  Fig.  6.  Only  values  of 
resistors  R^,  Rg  and  Bj  are  computed.  The  therm¬ 
istor  is  standard  with  a  nominal  10 $  tolerance. 
Standardizing  the  thermistor  in  the  circuit 
rather  than  keeping  it  a  "solved  for"  quantity, 
is  an  absolute  necessity  since  It  is  not 
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practicable  to  duplicate  a  computed  value  for  a 
thermistor  to  the  required  degree  of  precision. 
Its  value,  however,  must  be  measured  with  an 
accuracy  better  than  0.1%  at  the  three  compen¬ 
sating  temperatures.  Also,  it  must  be  mounted  In 
its  final  position  which  permits  tight  thermal 
coupling  with  the  crystal  unit.  Thermistor 
resistance  measurement  is  conducted  simultaneous¬ 
ly  with  measurement  of  the  required  compensation 
voltage  and  the  regulated,  but  temperature 
dependent,  supply  voltage  Es.  This  is  to  assure 
that  all  components  are  at  the  same  stabilized 
temperature  at  the  time  data  is  taken.  Voltages 
need  to  be  measured  to  an  accuracy  better  than 
+1  mV.  A  total  of  nine  measurements,  three  of 
resistance  and  six  of  voltage,  are  required  prior 
to  computation. 

The  procedure  for  computation  of  the  resistor 
values  is  based  upon  a  simultaneous  solution  of 
the  output  voltage .equation  at  the  three  measure¬ 
ment  temperatures.  Having  satisfied  constraints 
imposed  by  available  thermistor  sensitivity  and 
supply  voltage,  an  exact  solution  of  resistance 
is  obtained.  Then  selection  and/or  adjustment  of 
actual  resistance  to  an  accuracy  hotter  than  0.1^ 
of  the  computed  value  assures  that  the  voltage- 
temperature  function  will  pass  through  the  mea¬ 
surement  points.  Further,  this  exact  method 
lends  itself  to  simple  solution  using  a  desk 
calculator. 

The  schematic  of  the  TCXO  minus  the  voltage 
regulator  and  isolation  amplifiers  is  shown  in 
Fig.  .  Crystal  drive  in  this  self  limiting 
Pierce  circuit  is  maintained  below  10 yuW  primar¬ 
ily  as  a  result  of  operating  the  transistor  at 
a  low  collector  current  of  approximately  500/u 
amps  and  equalizing  the  two  feedback  capacitors 
at  390  pF  each.  A  oelected  shaping  factor  of 
0.5o  is  obtained  from  use  of  the  two  varactors ; 
a  llTjlhO  valued  at  10  p F  and  a  lK5lUj  valued  at 
18  pF.  Required  fixed  bias  for  the  10  pF  varac¬ 
tor  <s  obtained  from  a  voltage  divider.  The 
thermistor-resistor  network  is  shown  in  the 
lower  section  of  Pig.  7*  The  thermistor  is  of 
high  Beta,  type  M  material.  Typical  computed 
resistance  values  are  given.  It  will  be  shown 
later  how  the  voltage -temperature  compensation 
function  can  be  generated  in  two  segments  to 
obtain  greater  accuracy.  Two  segment  compensa¬ 
tion  essentially  requires  the  use  of  an  addition¬ 
al  3  point  network  similar  to  the  one  shown. 

Typical  stability  obtained  from  thiB  simple 
straightforward  design  la  ohovn  in  Fig.  8.  The 
compensated  stability  of  +1.25  *  10"?  over  a 
temperature  range  of  5  to~80*C  represents  an 
improvement  factor  of  40  to  1.  Frequency  data 
vac  taken  at  5*C  increments  uBing  the  "sequential'' 
measurement  method.9  Results  also  show  that  if 
the  crystal  slope  can  be  kept  to  a  range  of  8  to 
12  ppm,  a  stability  better  than  +1,5  x  10” '  (5  to 
80*C)  can  be  consistently  obtained.  Overall 
improvement  factors  approaching  100  to  1  can  be 
obtained  by  extending  the  approach  to  coapensa 
tion  using  two  segments. 


Two  Segment  Network  Compensation 

Figure  9  shows  how  two  3  point  networks 
have  been  combined  to  result  in  an  effective  5 
point  compensation.  The  dual  transistor  performs 
as  a  voltage  comparator  or  gate  which  routes  the 
higher  of  the  two  base  voltages  to  the  varactor 
network.  In  this  case,  the  left  network,  whose 
output  is  ECp  provides  the  control  over  the 
range  of  lower  temperatures,  shown  by  segment  1. 
The  right  network  takes  over  control  at  approxi¬ 
mately  60*C  and  provides  the  upper  segment  con¬ 
trol  voltage.  The  turning  point  temperature  was 
chosen  for  crossover,  rather  than  one  midway, 
since  it  is  the  point  of  minimum  sensitivity  to 
voltage  variations.  Therefore,  interaction 
between  the  outputs  of  the  two  networks  at  vol¬ 
tage  crossover,  which  can  be  several  millivolts, 
has  negligible  effect  on  frequency. 

Typical  frequency-temperature  performance 
obtained  using  two  3  point  network  segments  is 
shown  in  Fig.  10.  As  expected,  the  effective  5 
point  compensation  results  in  a  curve  having  at 
least  5  zero  crossings.  In  this  case  there  are 
seven,  indicating  that  the  natural  nonllnearitles 
are  such  that  they  actually  aid  the  cornionsatlon 
in  reglonb  between  data  points.  The  achieved 
stability,  +5  x  10“B  over  +5  to  80°C  represents 
meeting  required  frequency  performance  lor  approx¬ 
imately  2/3  of  the  specified  operating  temperature 
range.  Further,  extension  of  this  compensation 
technique  or  combination  of  the  technique  with 
others  could  eventually  lead  to  meeting  the 
requirement  over  the  complete  temperature  range. 

Barrow  Range  Compensation 

It  Bhould  be  noted  that  this  compensation 
teciinique,  using  a  single  3  point  network,  was 
applied  to  considerably  smaller  temperature 
ranges  in  the  vicinity  of  the  crystal  oscilla¬ 
tor's  upper  turning  point  temperature  A  typi¬ 
cal  result  obtained  is  shown  in  Fig.  11.  A  com¬ 
pensation  to  +1  x  10" 0  was  obtained  over  a 
temperature  range  of  +10*C  on  either  side  of  a 
turnover  when  applied  to  a  crystal  with  on  upper 
turning  point  of  approximately  o5*C.  The  maximum 
slope  within  the  compensated  temperature  range 
was  found  to  be  less  than  2  x  10“9/°C.  A  poten¬ 
tial  application  of  this  form  of  high  stability 
compensation  at  the  turning  point  exlstb  in 
those  cases  where  close  oven  temperature  control 
tolerance  must  be  traded  for  other  performance. 

Conclusions 

It  has  been  ohovn  that  a  high  degree  of  pre¬ 
cision  in  temperature  compensation  esn  result 
from  addition  of  another  varactor  and  bias  source 
into  the  tuning  circuit  of  a  TCXO.  Varactor  and 
thermistor  nonlinearities  uniquely  combine  to 
realize  a  close  approximation  of  the  actual  to 
the  required  compensating  characteristic  over  a 
substantial  temperature  range.  In  addition, 
thermistor  measurement  and  an  exact  network  solu¬ 
tion  guarantee  that  the  monotcnic  voltage 
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temperature  correction  function  will  pass  through 
the  measured  data  points. 

Application  of  this  technique  to  a  5flHHz 
TCXO  has  successfully  realized  a  +5  x  10“°  sta¬ 
bility  over  a  range  of  +5  to  80°C.  Achievement 
of  this  stability  over  the  full  temperature 
range  of  -40  to  +flO°C  now  appears  more  promising. 
As  a  spin  off,  the  feasibility  of  compensating 
to  +1  x  10"°  for  a  +10*C  temperature  range  about 
an  upper  turnover  temperature  has  been  indicated. 
It  is  believed  that  this  latter  result  opens  the 
way  for  new  tradeoff  possibilities  in  oven  con¬ 
trolled  crystal  oscillators. 
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An  Ult :ra  L-ow  SMotee*  Direct 
Frequency  Synthesizer 

Donald  6.  Meyer 
John  Fluke  Mfg.  Co.,  Inc. 

Seattle,  Washington 


SUMMARY 

The  purpose  of  tins  paper  is  to  provide  a  complete 
technical  discussion  of  the  advanced  techniques  of  direct 
synthesis  which  have  made  possible  the  ultra  low  noise 
and  spurious  performance  of  the  Model  645A  Synthesi¬ 
zer.  The  residual  phase  noise  of  the  instrument  at  50 
MHz  has  a  1  Hz  intercept  point  Z  (1Hz)  =  -lOOdb/Hz. 
jC  (fm)  then  decreases  at  12db/dccadc  to  an  eventual 
floor  of  -137db/Hz.  Non-harmonic  spurious  products 
are  better  than  lOOdb  down.  Frequency  programming 
switching  time  is  <  20  us.  The  paper  has  been  divided 
into  three  sections,  which  are  as  follows: 

Section  I  -  The  basic  definitions  of  phase  noise  perfor¬ 
mance  are  discussed,  along  with  the  techniques  used  to 
measure  them.  An  attempt  has  been  made  to  show  the 
relationship  between  various  measures  of  phase  noise 
performance  used  by  different  authors,  and  to  clearly  de¬ 
fine  the  most  meaningful  measures  of  synthesizer  noise 
performance.  Measurement  techniques  arc  also  dis¬ 
cussed. 

Section  II  -  Tire  most  fundamental  problems  in  building 
a  high  performance  direct  synthesizer  are  uncorrelated 
phase  noise,  correlated  phase  noise,  and  spurious  signal 
generation.  The  basic  natures  of  these  problems  are 
examined,  and  the  techniques  used  to  optimize  overall 
performance  in  the  presence  of  these  effects  are  dis¬ 
cussed. 

Section  III  -  This  section  shows  how  basic  design  con¬ 
cepts  were  applied  to  optimize  the  overall  performance 
of  the  unit.  The  design  of  each  section  of  the  synthe¬ 
size  is  discussed,  and  the  performance  of  each  section  is 
related  to  the  overall  performance  of  the  instrument. 

Section  I  •  Definition  and  Measurement  of  Phase 
Noise  Performance 

There  has  been  a  noticeable  diversity  in  the  nomen¬ 
clature  used  by  various  authors  to  describe  the  phase 
noise  performance  of  signal  sources.  None  of  ihe  repre¬ 


sentations  given  arc  incorrect  in  the  least,  but  it  is 
evident  that  there  are  several  possible  ways  of  defining 
phase  noise  performance  so  long  as  the  definition  of  the 
measure  is  clearly  stated.  In  the  interest  of  a  better 
common  understanding,  the  relationships  between  sev¬ 
eral  of  the  measures  which  have  been  used  will  be  de¬ 
fined.  Also,  the  “  physical  interpretation”  of  some  of 
these  measures  will  be  discussed,  so  that  v/e  can  under¬ 
stand  more  fully  their  value  as  measures  of  synthe¬ 
sizer  performance. 

Importance  of  Phase  Noise  in  Direct  Synthesis 

The  concept  of  phase  noise  is  particularly  impor¬ 
tant  in  the  study  of  direct  synthesis,  since  the  nature  of 
the  signal  processing  performed  in  a  synthesizer  usually 
results  in  an  output  signal  which  has  AM  noise  between 
10  and  30  db  lower  than  PM  noise  over  a  very  large  range 
of  offset  frequencies  from  the  carrier.  Examples  of  pro¬ 
cesses  which  have  a  tendency  to  suppress  the  AM  noise 
on  3  signal  are  limiting,  division,  multiplication,  and 
driving  the  local  oscillator  port  of  a  mixer.  Since  the 
basic  operations  which  must  be  performed  electronically 
in  a  synthesizer  arc  frequency  addition,  subtraction, 
multiplication,  and  division,  we  can  begin  to  see  why 
the  primary  output  noise  contaminant  of  a  synthe¬ 
sizer  is  PM  noise  rather  than  AM. 

As  an  example  of  this  type  of  behavior,  let  us  con¬ 
sider  a  single  sideband  spurious  signal  which  appears  at 
the  input  of  a  symmetrical  hard  limiter,  let  us  assume 
that  the  spurious  signal  is  located  1  KHz  belo'-'  the 
carrier  input  to  the  limiter,  and  is  50  db  below  the 
carrier  level  in  amplitude.  Now  it  is  well  known  that 
such  a  signal  is  composed  of  one  half  AM  and  one  half 
PM.  Mathematically  such  a  signal  may  be  expressed  as 
the  sum  of  the  carrier  plus  four  modulation  sidebands, 
eacli  of  which  is  6  db  below  the  level  of  the  original 
spurious.  Two  of  the  sidebands  are  56  db  down  and  are 
phased  to  represent  AM,  and  two  arc  56  db  down  and 
are  phased  to  represent  PM.  It  is  interesting  to  note 
that  this  mathematical  representation  lacks  physical 
meaning  at  this  point,  since  observation  of  the  input 
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signal  with  the  spectrum  analyzer  will  reveal  energy  is 
present  only  at  the  carrier  frequency  and  1  KHz  below 
the  carrier  frequency. 

Now  if  we  look  at  the  output  signal  from  the 
limiter  with  our  spectrum  analyzer,  we  will  sec  two 
sidebands  Sb  db  down  located  ±1  KHz  from  the  carrier 
frequency.  Further  investigation  with  a  frequency  dis¬ 
criminator  or  phase  demodulator  will  indeed  reveal  that 
these  sidebands  are  correlated  in  phase  in  such  a  way 
as  to  represent  only  phase  modulation.  Notice  further 
that  this  will  be  true  regardless  of  the  loss  or  gain  in¬ 
curred  in  passing  through  the  limiter.  The  translation 
of  energy  to  the  upper  sideband  frequency  was  accom¬ 
plished  by  the  non-linearity  of  the  limiter,  and  the  AM 
components  were  removed  because  of  the  insensitivity 
of  the  limiter  output  to  variations  in  input  level. 

In  a  similar  manner,  the  amplitude  variations  in 
the  LO  drive  to  a  mixer  often  do  not  markedly  effect 
the  conversion  efficiency  of  the  mixer  and  hence  are 
not  readily  transferred  to  the  mixer  output,  but  the 
phase  modulation  components  present  in  the  mput  pass 
through  and  appear  in  unchanged  sideband  to  carrier 
ratios  in  the  mixer  output.  The  effect  occurs  in  multi¬ 
pliers  simply  because  PM  sidebands  are  raised  in  direct 
ratio  to  the  multiplication  N  being  achieved,  while  the 
amplitude  variations  are  generally  somewhat  attenuated 
depending  on  the  particular  design  of  the  multiplier. 
In  a  divider  AM  is  suppressed  and  single  sideband  spurs 
arc  converted  to  PM  due  to  the  fact  that  the  divider 
output  amplitude  is  usually  independent  of  the  input 
signal  level,  although  we  must  recognize  that  whatever 
phase  modulation  sidebands  are  present  in  the  input 
arc  reduced  by  the  divider  ratio  at  the  output. 

The  RF  Spectrum  of  a  Signal 

In  all  that  follows  we  shall  make  the  following 
assumptions  about  the  general  nature  of  the  signal  we 
are  measuring;  the  AM  spectrum  is  much  less  than  the 
PM  spectrum  for  all  offset  frequencies  of  interest,  and 
the  RMS  phase  deviation  of  the  Carrier  signal  is  «  1 
radian.  Let  us  now  consider  the  RF  spectrum  of  such 
a  signal.  Assuming  that  we  observe  its  spectrum  with  a 
spectrum  analyzer  having  a  1  Hz  noise  equivalent  band¬ 
width,  we  would  obtain  a  display  sim Mar  to  that  s*’own 
in  Figure  1 .  It  should  be  noted  that  the  symmetry  of 
the  display  about  the  carrier  frequency  is  a  direct  re¬ 
sult  of  the  assumptions  that  we  have  made  regarding  tiie 


character  of  the  signal,  since  small  angle  phase  modu¬ 
lation  side  bands  must  be  symmetrical. 


Wilft 


FIGURE  1 

RF  power  spectrum  of  a  signal  observed  with  a  1  Hr  bw 
spectrum  analyzer.  I Assume  AM  Noise  is  negligible). 

Definition  of  .C(fm) 

If  we  now  wish  to  speak  quantitatively  about  the 
amount  of  noise  modulation  on  the  signal,  we  can  tune 
the  analyzer  first  io  the  carrier  frequency  and  record  a 
zero  db  level.  Then  we  can  move  above  or  below  the 
carrier  by  an  offset  frequency  fm,  and  record  the  value 
observed  relative  to  the  zero  db  reference  level.  We  can 
now  speak  of  the  “single  side  band  phase  noise  in  a  1  Hz 
bandwidth  to  signal  ratio,  as  a  function  of  the  offset 
frequency  fm”.  This  definition  has  been  given  by  Dr. 
Donald  Halford  of  NBS1,  and  he  has  assigned  to  this 
definition  the  symbol  £  (fm).  This  definition  does  not 
attempt  to  have  a  specific  mathemai  .al  significance, 
but  is  an  attempt  to  specify  clearly  a  measure  of  perfor¬ 
mance.  Since  the  modulation  spectrum  is  symmetrical, 
it  is  only  necessary  to  specify  £  (fm)  for  one  side  of 
the  spectrum.  The  normal  way  of  presenting  the  per¬ 
formance  in  terms  of  £  (fm)  ,s  with  a  db  vs  log  fm  plot 
such  as  is  shown  in  Figu. ;  2.  This  plot  of  £(fm)  now 

!*  Cl*  W  4A/«.*»rHASl  xotsi  «W  A 
£(fm)  .  /  Hi  \0  UCNAl  RATIO 

AS  A  MOTION  0>  i*(  O'fStT  fit 


FIGURE  2 
Definition  of  £  (fm). 
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lias  a  clear  physical  interpretation  in  terms  of  the  RF 
spectral  density  of  a  phase  noise  modulated  signal. 
All  phase  noise  data  presented  in  this  paper  will  use 
this  convention  of  displaying  noise  performance.  Where 
db  values  of  £  (fin)  are  used  the  units  will  be  noted 
as  db/Hz. 

Definition  of  S 4>  (fm) 

Tne  most  widely  used  mathematical  definition  of 
phase  noise  density  is  S4>  (<o),  as  used  by  Cutler  and 
Scarle2 .  1  have  taken  the  liberty  here  of  expressing  S 4> 
as  a  function  of  fm  instead  of  co,  since  it  does  not  change 
the  meaning  of  the  definition,  and  measured  data  is  more 
commonly  expressed  as  a  function  of  offset  frequency. 
Cutler  and  Searle  refer  to  S0  (units  of  rad2/Hz)  as  the 
“two-sided  power  spectral  density”  of  <j>  (t),  where  <p  (t) 
is  found  by  passing  the  complete  RF  spectrum  of  a 
signal  v  (t)  through  an  ideal  phase  detector.  This  defi¬ 
nition  makes  S0  (fm)  numerically  equal  to  £  (fm)  for  a 
given  value  of  fm.  The  difference  between  £  (fm)  and 
S <p  (fm)  lies  in  the  fact  that  S0  (fm)  is  the  two  sided 
mathematical  definition  of  the  power  spectral  density 
of  the  modulation  function,  while  £  (fnt)  avoids  the  use 
of  mathematical  negative  frequencies  and  provides  a 
more  “physical”  definition.  An  example  of  a  db  vs 
fm  plot  of  S 0  (fm)  is  shown  in  Figure  3. 


FIGURE  3 

S  <p  (fm)  -  Two  sided  mathematics'  "Power  Spectral 
Density"  of  the  phase  modulation  on  a  signal. 

The  spectral  density  S$  (w)  is  necessary  and  use¬ 
ful  in  order  to  derive  several  important  mathematical 
formulas.  The  two  which  are  of  most  interest  to  us  are2 : 

The  variance  of  the  phase  fluctuations. 

o2  [  0  (t)  1  =  ~  J  S0(w)dco  (1) 


This  expression  can  be  rewritten  to  yield  the  average 
value  of  $2(t)  as  a  function  of  S0  (fm): 

*0  =  o2  =2  f  S0(fm)dfm  (2) 

J  o 

The  expected  value  of  the  variance  of  the  frequency  de¬ 
parture  averaged  over  a  time  t, 

o2  [  <  <f>  >  t,  r  ]  =  ^5  J'  S0  (w)  sin  2£--)  dco 

(3) 

This  expression  can  be  rewritten  and  normalized  to  yield 
the  standard  deviation  of  the  fractional  frequency  fluc¬ 
tuations  for  an  averaging  time  r  as  a  function  of  S$(fm); 

Af  If”  . 

o  l  —  (t)  ]  =  — —  [  I  Sd>(fnaXl-cos27rfmr)dfm]  u 

f  nrtQ  *'o 


_ Using  these  formulas  one  can  easily  calculate  values 

of  d»2(t)and  o[Af7fo(T)]  from  measured  £(fm)  data  by  use 
of  computer  tec  miques,  since  £(fm)  and  S0  (fm)  are 
numerically  equal.  In  Appendix  1,  it  has  been  shown  that 
the  average  squared  value  of  the  phase  fluctuations  has 
the  “physical  interpretation”  of  being  the  ratio  of  the  to¬ 
tal  noise  power  in  the  phase  modulation  sidebands  to  the 
signal  power.  For  a  practical  measure,  the  reciprocal 
of  4^(0  is  more  commonly  used  as  a  measure  of  synthe¬ 
sizer  perfori  tance,  and  the  measurement  bandwidth 
must  also  be  specified.  This  is  discussed  further  in  the 
next  section. 

A  convenient  definition  of  the  fractional  fre¬ 
quency  deviation  is: 

Given  a  signal  V(j): 

V(t)=  A0cos  [coot+0(t)J  (5) 

A  f  (  .  <t>  (t>  -  4>  (o) 

^7<T)  <6> 

In  this  definition  $  (r)  is  the  value  of  <p  (t)  at  the  end  of 
the  sample  time  r,  and  <p  (0)  is  the  value  of  0  (t)  at  the 
start  of  the  sample  time.  The  value  of  o[Af/fo(r)]  is 
of  course  calculated  from  a  hrge  number  of  individual 
measurements  using  some  appropriate  technique. 
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A  Method  of  Measuring  £  (fm) 

Special  techniques  must  often  be  used  in  order  to 
measure  the  residual  phase  noise  performance  of  signal 
processing  devices  which  have  lower  noise  than  any  at¬ 
tainable  source.  Tne  most  common  technique  uses  a 
test  setup  which  is  shown  in  Figure  4.  The  example  of 
two  multipliers  driven  by  a  common  source  has  been 
used  here,  but  any  two  identical  signal  processing  de¬ 
vices  may  be  put  in  place  of  the  multipliers,  A  line 
stretcher  (or  the  correct  length  of  coaxial  cable)  must 
be  introduced  into  one  of  the  parallel  paths  so  that  the 
output  of  the  phase  detector  is  zero  volts  DC.  The 
voltage  Vx(fm)  is  now  related  only  to  the  phase  pertur¬ 
bations  generated  by  the  two  devices  under  test,  since 
any  modulation  present  on  the  input  signal  does  not 
appear  at  the  output  due  to  the  symmetry  of  the  test 
setup. 


tically  equal  to  the  input  frequency.  One  of  the  devices 
under  test  is  simply  replaced  by  the  proper  length  of 
cable  to  achieve  zero  volts  DC  out  of  the  phase  detector, 
and  the  test  proceeds  as  usual.  In  calculating  the  value 
of  £  (fm)  from  the  data  in  this  case  we  do  not  subtract 
3  db  as  indicated  in  equation  (7),  since  all  of  the  phase 
fluctuations  being  measured  are  the  result  of  only  one 
noise  source.  A  little  more  care  must  be  exercised  in 
the  quality  of  signal  source  used  for  tins  measurement, 
since  the  symmetry  of  the  situation  is  not  as  complete. 
A  potential  problem  in  this  case  could  occur  if  a  lot  of 
AM  was  present  on  the  input  signal,  and  the  device 
under  test  had  a  pronounced  tendency  for  AM  to  PM 
conversion.  In  this  case  we  might  be  measuring  AM 
to  PM  conversion,  rather  than  the  residual  phase  noise 
of  the  device  under  test. 

Definition  and  Measurement  of  S/N  (f |_,  f^j 
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FIGURE  4 

77)0  concept  of  residual  noise  and  its  measurement. 


Now  we  can  measure  the  parameters  K  0,  A,  and 
Fjq  as  defined  in  Figure  4,  and  we  can  measure  a  value 
Vx  (fm)  with  the  wave  analyzer  tuned  to  the  frequency 
fm.  An  expression  is  derived  in  Appendix  I  which  relates 
the  experimental  parameters  to  the  value  ofX  (fm)  which 
is  due  to  the  effects  of  both  sources.  If  we  assume  both 
sources  are  identical,  we  must  reduce  the  value  calcula¬ 
ted  by  the  expression  h  Appendix  1  by  3  db  as  is  shown 
below. 


£«“201»*,0i  k i-3  <7> 

(Performance  of  one  device  assuming  identical  devices 
under  test.) 


Another  very  common  method  used  to  specify 
synthesizer  performance  is  the  signal  to  phase  noise 
ratio.  This  is  usually  specified  as  the  “signal  to  phase 
noise  ratio  in  a  30  KHz  RF  bandwidth  excluding  1  Hz 
centered  on  the  carrier”.  The  somewhat  odd  sounding 
bandwidth  description  is  simply  the  result  of  the  fact 
that  the  integral  given  in  equation  (2)  cannot  be  evalu¬ 
ated  from  zero  to  infinity  in  the  practical  case.  In 
practice  we  use  a  single  pole  RC  low  pass  filter  with  a 
noise  equivalent  bandwidth  fj-j  of  15  KHz  to  filter  the 
input  to  an  RMS  voltmeter  used  in  place  of  the  wave 
analyzer  shown  in  Figure  4.  The  noise  equivalent  high 
pass  frequency  fj_  due  to  the  AC  coupling  of  the  ampli¬ 
fier  and  the  RMS  voltmeter  is  «  0.5  Hz.  Let  Vx(t,  fL, 
fH)  bt  !he  voltage  into  the  RMS  meter,  and  </>(t, 
fL,  Ml)  the  phase  fluctuations  corresponding  to  the 
same  frequency  band.  Defining  S/N(fL,  fH).  and  using 
equation  2: 


<H 


S/N  (fL.  fH)  =-=  ==  /=  l  2  f  S<Kfm)  dfm] 

r  (t,  fL,  fH)  J 


fL 


(8) 


This  can  be  expressed  in  terms  of  the  test  set  para¬ 
meters  by  use  of  equation  (22)  of  Appendix  I: 


A  simple  modification  of  this  method  can  be 
used  with  basically  the  identical  test  setup  if  the  output 
frequency  of  the  device  under  test  can  be  made  iden- 


<t>2  (t.  t'L,  fH) 


Vx2(t.fL,fH) 

(K0A)2 


(9) 
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If  we  now  define  die  RMS  value  of  Vx(t,  fL,  fy) 
as  Vx(fL,  fn),  and  combine  (8)  and  (9): 

S/N(fL,  fH)  =  [  •  —  r  (10) 

L  H  Vx  (fL,  fH) 

For  convenience  we  can  express  this  in  db,  and  if 
we  assume  that  the  phase  noise  contributed  by  botli 
devices  is  equal  we  must  add  three  db  to  the  value  cal¬ 
culated  in  equation  (10)  to  obtain  a  value  indicative  of 
the  performance  of  one  device  only: 

S/N  (fL,  fH)  =  20  log  10  [  ]  +3(11) 

v*  (<L>  fH) 

(Performance  of  one  device,  assuming  identical  devices 
under  test.) 

The  three  db  factor  above  is  added,  instead  of 
subtracted  as  in  the  case  of  £  (frn),  due  to  the  fact  that 
S/N  (fj^,  fpj)  is  a  signal  to  noise  ratio  rather  than  a  noise 
to  signal  ratio.  The  remarks  under  the  section  dealing 
with  the  mcasurcmeni  of  £  (fm)  in  the  case  where  the 
output  frequency  of  the  device  under  test  is  the  same  as 
the  input  frequency  also  apply  to  the  measurement  of 
S/N  (fL,  fpj).  In  this  case,  however  we  subtract  3  db 
from  equation  (1 1)  to  determine  the  performance  of  the 
device  under  test  when  the  symmetrical  device  under 
test  is  replaced  with  an  appropriate  length  of  coaxial 
cable. 

The  physical  interpretation  of  S/N  (fL,  fy)  >s 
simply  the  ratio  in  db  of  the  signal  power  to  the  total 
power  contained  in  all  the  phase  modulation  sidebands 
within  the  band  of  frequencies  fo  ±fjq,  but  exclucnng 
those  sidebands  which  lie  within  the  band  of  frequen¬ 
cies  fo  ±fL- 

A  Test  Set  for  the  Measurement  of  £  (fm)  and 
S/N  (fL,fH) 

We  have  developed  a  very  accurate  phase  noise 
test  set  for  the  measurement  of  £  (fm)  and  S/N  (fL,  fj^j). 
A  block  diagram  of  the  test  set  is  shown  in  Figure  6 , 
and  a  photograph  of  it  is  shown  in  Figuie  5.  This  set 
uses  basically  the  same  principles  illustrated  in  Figure  4, 
but  has  many  refinements  to  allow  very  accurate  mea¬ 
surements  to  be  made.  This  test  set  can  measure  £(fm) 
at  carrier  frequencies  from  I  to  500  MHz,  and  at  values 
of  modulation  frequency  from  20  Hz  to  50  KHz.  From 


1-50  MHz,  measurements  of  synthesizers  can  be  made 
of  both  £  (fm)  and  S/N  (fL,  fjq)  with  a  one  sigma  re¬ 
peatability  of  =s  ±0.7  db  (70%  of  readings  are  within 
±0.7  db  of  the  average  value).  The  absolute  calibration 
accuracy  of  the  set  is  ±  0.8  db  over  the  1-50  MHz 
range.  The  set  uses  an  analyzer  with  3  Hz  bandwidth, 
and  has  a  measurement  Ooor  £  (20  Hz)^~140db/Hz 
and  jC  (5  KHz  •  50  KHz^-l  72db/Hz.  This  test  set  was 
used  to  measure  all  the  noise  data  presented  in  this 
paper. 


FIGURE  5 

rest  set  used  for  measurement  of  f  (fm). 
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Method  of  Measuring  Fractional  Frequency 
Deviation 


M 

T2  f0fTB 


(12) 


In  actual  practice,  S$(fin)  cannot  be  easily  and  accur¬ 
ately  measured  for  very  low  offset  frequencies  (<20Hz). 
For  this  reason  it  is  usually  not  practical  to  attempt 
estimation  of  o[Af/fo(r)]  by  means  of  the  integral 
definition  given  in  equation  (4),  since  for  longer  averag¬ 
ing  times  an  accurate  knowledge  of  Sji(fm)  is  needed 
for  extremely  small  offset  frequencies  in  order  to  accur¬ 
ately  evaluate  the  integral.  An  alternate  method  which 
is  often  used  because  of  its  good  resolution  and  relative 
simplicity  is  the  technique  of  period  measurement.  A 
block  diagram  of  a  typical  test  setup  is  indicated  in 
Figure  7  for  the  measurement  of  the  residual  o(Af/fo(T)] 
of  the  645A  synthesizer.  This  test  is  very  similar  to  the 


FIGURE  7 

Test  set  up  for  A  f/f0  (T)  measurement. 

residual  phase  noise  test  indicated  in  Figure  4,  in  that  the 
fluctuations  of  the  frequency  standard  are  cancelled  out 
at  the  mixer  output  due  to  symmetry  considerations. 
Tla  resolution  of  this  type  of  measurement  for  a  given 
averaging  time  t  is  determined  by  the  time  base  fre¬ 
quency  (fjB)  used  for  the  period  measurement,  the  num¬ 
ber  of  multiple  periods  (M)  being  measured,  and  the 
signal  frequency  (fo).  The  value  (R)  of  o[  Af/fo (r)  ] 
which  is  indicated  by  one  count  in  the  least  significant 
digit  of  the  counter  readout  is  given  by  equation  (12). 


M  =  Number  of  periods  measured. 
fjB  =  Time  base  frequency  of  counter  being  used 
for  the  period  measurement  (in  Hz), 
fo  =  Synthesizer  output  frequency  in  Hz. 
r  =  M/fg  Sample  time  of  measurement  in  seconds, 
fg  =  Offset  frequency  between  synthesizer  out¬ 
puts  in  Hz. 

The  standard  deviation  of  the  fractional  frequency 
fluctuations  must  now  be  computed  from  the  period 
measurement  data  as  recorded  on  the  printer  tape.  The 
most  generally  accepted  variance  which  can  be  calculated 
from  this  type  of  data  is  the  Allan  variance4  for  N  =  2. 
The  general  definition  given  in  Allan’s  paper  can  be  re¬ 
duced  to  the  form  shown  in  equation  (13)  for  N  =  2: 


oJ(2,T,T,fj1) 


((Oj+1  -6Jj)2 
2 


(13) 


t  =  Sample  time  in  seconds 
T  =  Time  between  the  start  of  one  sample  and 
the  start  of  the  next  sample  in  seconds, 
fh  =  Bandwidth  of  the  measuring  system  in  Hz. 
Wj=  Average  angular  frequency  during  t'ne(ith) 
sample  of  length  r. 

Wj+j  =  Average  angular  frequency  during  the  (i+l)st 
sample  of  length  t. 


This  definition  represents  one  estimate  of  the  Allan 
variance  of  the  angular  frequency  fluctuations  for  N=2 
made  from  two  samples  (coj+j  and  coj)  of  the  angular 
frequency  averaged  over  the  sample  time  r.  Notice  that 
the  values  of  T,  t,  and  fj,  must  be  specified  for  any 
given  measurement  which  is  made,  since  the  value  of 
the  Allan  variance  depends  to  some  extent  on  these 
variables. 


Now  we  must  calculate  an  estimate  of  the  expec¬ 
ted  value  of  this  variance  from  a  quantity  of  L  measure¬ 
ments,  as  indicated  by  the  numbers  nj,n2,  .  .  .  ,  nL, 
shown  on  the  output  record  of  the  digital  printer.  In 
order  to  do  this,  we  can  calculate  L-l  estimates  of  the 
variance  from  the  L  points  indicated  in  the  record,  and 
divide  the  sum  of  the  L-l  estimates  by  L-l  to  obtain 
the  average  (expected)  value  of  the  variance. 

This  value  can  then  be  normalized  to  yield  the 
average  value  of  the  variance  of  the  fractional  angular 
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frequency  fluctuations  (Aw/wo),  which  is  equal  to  the 
variance  of  the  fractional  frequency  fluctuations  (Af/fo). 
The  standard  deviation  of  the  fractional  frequency  fluc¬ 
tuations  can  then  be  obtained  by  taking  the  square  root. 
A  computational  form  can  be  derived  to  compute  the 
value  of  the  standard  deviation  of  the  fractional  fre¬ 
quency  fluctuations  directly  from  the  measured  data. 
This  value  has  been  labeled  a[ Af/fo(2,  T,r,  <oh)j 
to  indicate  it  has  been  computed  by  ueans  of  the  Allan 
variance  for  N  =  2. 


Uncorrelated  Phase  Noise 

There  are  two  basic  sources  of  uncorrelatcd  phase 
noise  which  must  be  considered  in  a  synthesizer.  The 
first  is  flicker  of  phase  noise  due  to  modulation  of  the 
carrier  frequency  by  the  various  active  devices,  and  the 
second  is  simply  due  to  the  additive  noise  floors  caused 
by  the  finite  signal  levels  and  noise  figures  which  are  en¬ 
countered  in  practical  circuitry.  First  let  us  consider  the 
nature  of  the  flicker  of  phase  noise. 


o  [~  (2,T,t,  fjj)  ]  =  R 
■o 


■  i =  L-l  ,, 

_L  2  (ni+l-"i) 

L-l  2  . 

i=l  (14) 


In  actual  practice,  one  of  the  most  difficult  aspects 
of  making  an  accurate  measurement  by  this  method  is 
in  getting  the  instrumentation  ground  loops  low  enough 
in  magnitude  to  avoid  affecting  the  measurement.  It  is 
necessary  to  use  very  good  isolation  transformers  and 
grounding  techniques  to  avoid  ground  loops  due  to  AC 
current  flow  through  the  line  filter  capacitors,  and  pri¬ 
mary  to  secondary  winding  capacities, of  the  instruments 
used  in  the  measuring  system.  In  the  test  setup  shown 
in  Figure  7,  the  frequency  standard  is  operated  on  bat¬ 
tery  power  to  help  reduce  ground  loops.  Another  im¬ 
portant  point  is  that  the  internal  oscillator  of  the  digi¬ 
tal  counter  must  be  disabled.  If  this  is  not  done,  phase 
modulation  will  occur  due  to  the  small  offset  between 
the  frequency  standard  being  used  and  the  frequency 
standard  in  the  counter.  This  modulation  is  sufficiently 
large  to  invalidate  the  data.  This  problem  usually  mani¬ 
fests  itself  by  a  periodic  sloughing  of  the  values  indicated 
on  the  counter,  at  a  rate  which  is  related  to  the  fre¬ 
quency  difference  between  the  1  MHz  standard  fre¬ 
quency  and  the  counter’s  1  MHz  standard. 


Section  II  -  The  Fundamental  Problems  of  Direct 
Synthesis 

Building  a  very  high  performance  direct  synthe¬ 
sizer  requires  an  understanding  of  the  various  mecha¬ 
nisms  of  noise  and  spurious  generation  which  can  occur 
both  in  individual  circuits,  and  in  the  overall  operation 
of  the  synthesizer.  The  three  primary  effects  which 
must  be  considered  and  dealt  wi»h,  are  uncorrelatcd 
phase  noise,  correlated  phase  noise,  and  spurious  signal 
generation.  Let  us  first  consider  the  problem  of  un¬ 
correlated  phase  noise. 


Flicker  of  Phase  Noise 

Don  Halford  ct  al3  have  clearly  demonstrated  that 
intrinsic,  direct,  phase  modulation  with  apj-roxiriiaicly  a 
1/f  power  spectral  density  (falling  at  0  db/ decade  with 
increasing  fm)  is  generated  when  an  RF  signal  is  passed 
through  any  PN  junction  semiconductor  device.  Their 
measurements  indicate  a  typical  value  of  jC  (1  Hz) 
-115  db/Hz  for  common  emitter  (or  common  source) 
amplifiers  with  no  negative  feedback.  They  have  further 
demonstrated  that  negative  feedback  can  be  used  in 
transistor  circuitry  to  effect  a  substantial  reduction  in 
the  flicker  of  phase  noise  due  to  this  effect.  Our  exper¬ 
ience  in  the  design  of  low  phase  noise  circuitry  verifies 
their  conclusion  that  any  type  of  negative  feedback  used 
with  an  active  device  tends  to  reduce  the  flicker  of  phase 
noise.  The  spectral  density  of  phase  noise  due  to  this 
effect  appears  to  be  non-temperature  dependent,  so  that 
the  performance  of  any  system  in  a  range  of  offset 
frequencies  where  this  effect  predominates  essentially 
docs  not  vary  with  temperature. 

Each  active  device  is  a  statistically  independent 
generator  of  this  type  of  noise,  and  hence  each  doubling 
of  the  number  of  active  devices  which  contribute  directly 
to  the  output  spectrum  should  raise  the  overall  spectral 
density  by  3  db  (assuming  identical  devices).  In  our 
synthesizer  there  is  one  example  of  this  sort  of  behavior 
which  gives  experimental  verification  to  the  value  of 
£  (1Hz)  —  115  db/Hz  measured  by  Halford  et  al. 

In  the  UHF  section  of  the  synthesizer  there  are  15 
transistors  used  m  the  common  emitter  configuration 
with  no  negative  feedback  in  order  that  the  maximum 
amount  of  gain  per  stage  can  be  achieved.  Referring 
to  the  dashed  line  shown  for  the  residual  noise  of  the 
UHF  section  in  Figure  20,  the  portion  of  the  curve  for 
fm  <  500  Hz  is  limited  by  flicker  of  phase  noise.  Extra¬ 
polation  of  this  line  reveals  £(1  Hz)  -105  db/Hz, 
which  must  be  reduced  by  «  12  db  to  -117  db/Hz  to 


216 


find  the  typical  noise  due  to  one  source,  since  there  are 
15  sources.  This  agrees  very  well  with  the  performance 
reported  by  Halford  et  al. 

In  all  the  30-70  MHz  circuitry  which  is  used  in 
the  synthesizer  we  have  applied  negative  feedback  to  as 
great  an  extent  as  possible  in  light  of  gain  and  noise 
figure  considerations.  We  have  been  able  to  achieve 
significant  reduction  below  the  £  (1  Hz)  «-115db/Hz 
per  stage  value.  An  example  of  a  typical  circuit  used  is 
shown  in  Figure  8,  along  with  its  measured  performance. 
£  (1  Hz)  -122  db/Hz  in  this  case,  which  indicates 
that  the  perfoiinance  of  the  two  gate  FET  used  as  an 
amplifier  is  fairly  respectable,  since  it  uses  no  negative 
feedback,  while  the  other  two  stages  do  use  forms  of 
negative  feedback. 


ing  the  noise  floor  in  terms  of  signal  to  total  noise  power 
in  a  given  bandwidth  by  the  3  db  of  AM  noise  which  is 
removed.  Each  place  where  a  phase  noise  floor  like 
this  is  encountered  it  represents  an  independent  source 
of  noise  generation,  and  contributions  add  in  RMS 
fashion  exactly  as  do  the  sources  of  flicker  of  phase 
noise  at  lower  offset  frequencies. 

The  only  case  where  limiting  is  not  applied  to 
reduce  AM  noise  is  at  the  output  of  the  final  mixer  just 
prior  to  the  synthesizer  output  amplifier.  The  overall 
noise  floor  at  this  point  is  - 147  db/Hz,  which  sets 
the  AM  noise  floor  at  the  output  at  «  - 150  db/Hz.  The 
PM  noise  floor  at  the  output  is  at  «  - 1 37  db/Hz,  due 
to  the  summation  of  all  the  independent  PM  floors  en¬ 
countered  in  various  parts  of  the  instrument. 

Correlated  Phase  Noise 

In  order  to  examine  the  general  problem  due  to 
correlated  noise  in  a  direct  synthesizer,  let  us  consider 
the  block  diagram  shown  in  Figure  9.  This  block  dia- 


FIGURE9 

Tho  effect  of  differentia!  time  delay  in  a  direct  synthesizer. 


FIGURES 

Residual  noise  of  a  30  MHz  harmonic  selector  module. 

Additive  Phase  Noise 

By  using  the  highest  possible  signal  power  levels 
compatible  with  low  spurious  product  generation,  and 
optimizing  amplifier  and  mixer  noise  figures,  the  noise 
floors  in  the  various  individual  circuits  have  been  held 
from  *  -148  to  -170  db/Hz  relative  to  the  carrier 
level.  Where  noise  floor  situations  of  this  type  are  en¬ 
countered,  the  noise  is  half  AM  and  half  PM  noise  where 
it  first  appears.  In  nearly  all  cases  the  resultant  signal  is 
passed  thiough  several  devices  which  tend  to  suppress  the 
AM  noise  before  reaching  the  final  output,  thus  improv 


gram  represents  the  basic  mode  of  operation  of  most 
wideband  direct  synthesizers.  In  effect,  we  start  with  a 
common  frequency  fo,  and  multiply  it  up  by  M  &  N  in 
two  separate  multipliers.  The  ranges  of  values  taken  by 
M  and  N  arc  appropriately  adjusted  so  that  the  output 
frequency  range  covered  by  fo  (M-N)  is  as  desired.  In 
actual  practice,  each  effective  multiplier  path  has  a 
significant  amount  of  time  delay  associated  with  it,  and 
typically  these  time  delays  cannot  easily  be  matched. 
The  differential  time  delay  which  exists  between  these 
two  paths  has  been  shown  as  a  perfect  time  delay  A  r 
in  the  M  patii  for  simplicity.  The  following  expression 
has  been  developed  in  Appendix  II.  This  expression  in 
dicatcs  the  relationship  between  the  spectrum  of  the 
input  signal  £  (fm)IN  at  a  given  value  of  fm,  and  the 
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spectrum  of  the  output  signal  £  (fm)OUT  at  the  same 
value  of  fm: 


£  (fin)  OUT 

-  =  M2  +  N2  -2  MN  cos  win  A  r 

£  (fm)  IN  (15) 


Now  this  expression  can  be  seen  to  have  the  following 
extreme  values,  depending  on  the  value  ofwmA 


for  com  A  t  o,  277, 4rr,  •  -  • ,  2Nn 


£  (fm)  OUT 
jC(frn)  IN 


=  (M  -  N)2 


(16) 


for  com  A  r  « 77,  3t7,  577,  •  •  •  ,(2N  +  1)  n 


£  (fm)  OUT 
£  (fm)  IN 


=  (M  +  N)2 


(17) 


The  significance  of  this  result  is  shown  clearly  in 
the  plot  of  Figure  9,  which  shows  the  output  spectrum 
which  would  be  obtained  from  the  system  shown  if  a  flat 
input  spectrum  with  power  spectral  density  £  o  were  ap¬ 
plied  as  shown.  Ideally  we  would  like  to  obtain  always 
the  power  spectral  density  .C  (fm)  OUT  =  (M-N)2 ,  which 
is  the  best  possible  value  in  this  case  since  it  represents 
only  the  effect  of  an  ideal  multiplier  of  value  M-N,  but 
in  fact  it  can  become  as  bad  as  £  (fin)  OUT  =  (M+N)2 
due  to  the  effects  of  the  differential  time  delay. 


Several  conclusions  can  be  drawn  from  the  pro¬ 
ceeding  example.  In  a  direct  synthesizer  one  should 
keep  the  value  of  A  r  as  low  as  possible,  so  that  the 
frequency  fm  =  1/(2At)  occurs  well  out  into  the  region 
of  the  noise  floor.  In  this  way  the  effects  of  A  r  will  be 
minimized  since  the  input  spectral  density  will  be  as  low 
as  possible,  and  hence  will  not  "bump  up”  so  much.  We 
should  keep  the  frequency  fo  as  high  as  possible,  and 
M  and  N  as  low  as  possible,  to  further  minimize  the 
magnitude  of  the  “bumps”.  And  last,  we  must  use  the 
utmost  care  to  keep  the  spectrum  of  the  “common 
frequency”  fo  as  clean  as  possible.  Hopefully,  if  we  pay 
careful  attention  to  these  details,  the  output  spectrum 
of  the  completed  synthesizer  will  be  limited  by  the  sum 
of  the  multiplicative  and  additive  noise  sources  in  the 
remainder  of  the  circuitry'.  This  goal  has  very  nearly 
been  achieved  in  the  645A  synthesizer,  as  will  be  shown 
later. 


Spurious  Product  Generation 


Thus  far  we  have  discussed  only  the  effects  of  ran¬ 
dom  phase  noise  modulation.  Another  very  major  prob¬ 


lem  is  that  of  coherent  spurious  product  generation.  A 
spurious  output  signal  can  be  of  two  types;  a  coherent 
sinusoidal  signal  appearing  in  the  synthesizer  output  sig¬ 
nal  at  a  harmonic  of  the  output  frequency,  or  at  a  fre¬ 
quency  which  is  not  harmonically  related  to  the  out¬ 
put  frequency.  The  harmonically  related  spurious  out¬ 
puts  arc  specified  as  more  than  30  db  down  from  the 
output  signal,  and  are  typically  35  to  45  db  down  de¬ 
pending  on  the  output  frequency  being  generated.  Non- 
harmonically  related  spurious  signals  are  specified  as 
being  at  least  100  db  down  from  the  carrier,  and  are 
typically  close  to  the  110  db  down  in  the  worst  cases. 

Non-harmonically  related  spurious  signals  can  ap¬ 
pear  virtually  anywhere  above  or  below  the  output  fre¬ 
quency,  due  to  the  complexity  of  the  synthesis  system. 
They  may  appear  in  symmetrical  pairs  around  the  car¬ 
rier  frequency,  or  as  single  sideband  signals.  Some 
spurious  signals  remain  at  fixed  frequencies  as  the  output 
frequency  is  tuned,  while  others  may  move  rapidly  ac- 
cross  the  output  signal  as  the  frequency  is  tuned.  The 
behavior  of  a  particular  spur  depends  on  the  mechanism 
by  which  it  is  generated.  Fixed  frequency  spurious  sig¬ 
nals  commonly  arise  in  the  output  due  to  the  various 
fixed  frequencies  which  are  generated  within  the  instru¬ 
ment,  or  at  harmonics  of  these  frequencies.  Moveable 
spurious  signals  generally  arise  due  to  mixer  crossings 
of  fairly  high  order,  and  therefore  tend  to  move  very 
rapidly  in  frequency  as  the  output  frequency  is  tuned. 

Mixer  Generated  Spurious  Products 

In  order  to  perform  addition  or  subtraction  of 
frequencies  in  a  synthesizer  we  must  utilize  various  types 
of  mixers.  Ideally,  we  would  like  to  use  mixers  which 
are  pure  product  modulators  (i.  c.,  those  which  have 
only  second  order  terms  in  the  scries  expansion  repre¬ 
sentation  of  their  transfer  functions).  If  we  could  use 
pure  product  modulators,  the  only  signals  coming  out 
of  a  mixer  having  inputs  of  Ffj  (the  higher  frequency) 
and  Fl  (the  lower  frequency)  would  be  Fpj,  2F^j,  F^, 
2Fl,  Fh  +  Fl,  and  F^  -  Fl-  In  actual  practice  all 
orders  of  distortion  exist  to  some  extent  in  any  mixer 
so  that  at  the  mixer  output  we  obtain  signals  at  all  the 
possible  combinations  of  Fl  and  Fjj,  as  shown  in 
Figure  10. 

The  mixer  crossings  which  we  most  commonly 
have  to  deal  with  arc  indicated  in  the  spectral  plots 
shown  in  Figure  10.  Usually  we  are  trying  to  select 
the  sum  frequency  Fjq  +  Fl,  or  the  deference  frequency 
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FIGURE  10 

Generation  of  spurious  products  in  a  mixer. 


Fh  -  Fl.  In  either  case,  it  can  be  seen  from  Figure  10 
that  the  lowest  order  classes  of  spurious  signals  we  will 
encounter  are  the  harmonics  of  the  low  frequency  sig¬ 
nal  (2  N  Fl),  and  twice  the  high  frequency  signal  minus 
the  harmonics  of  the  low  frequency  (2Fh  -  SNFl). 
There  are  two  cases  of  interest  to  consider  with  regard 
to  these  types  of  mixer  crossings,  fixed  input  frequencies 
to  the  mixer,  or  variable  input  frequencies.  In  the  case 
of  fixed  input  frequencies,  very  often  it  is  possible  to 
arrange  the  input  frequencies  so  that  all  the  spurious 
signals  are  easily  filtered.  In  the  case  of  variable  input 
frequencies,  the  spurious  signals  will  often  sweep  through 
the  desired  output  signal  as  the  inputs  are  varied.  In 
these  cases  no  amount  of  filtering  will  help,  and  we  must 
design  very  carefully  to  keep  spurious  product  genera¬ 
tion  as  low  as  possible.  Another  spurious  signal  which 
must  always  be  removed  by  filtering  is  the  frequency 
Fjl  since  it  is  very  close  to  cither  of  the  desired  output 
frequencies  and  normally  is  a  high  level  signal.  Let  us 
now  consider  several  of  the  most  important  design  fac¬ 
tors  which  must  be  considered  in  order  to  realize  low 
spurious  products  in  the  output  of  a  sum  or  difference 
mixer. 

Choice  of  Mixer  Frequency  Ratios 

There  arc  two  important  frequency  ratios  to  con¬ 
sider  in  a  sum  or  difference  mixer  where  Fl  «  F^. 
The  first  is  the  ratio  of  Fo/Fl  (see  Figure  10).  In  the 
645A  this  ratio  is  kept  <  9  in  all  cases,  which  results 
in  mband  spurious  products  of  order  9  or  less  being 
the  worst  case.  The  order  of  the  mband  spurious  is 
a  direct  result  of  this  ratio.  For  example,  if  the  mini¬ 
mum  value  of  Fo/Fl  for  a  given  mixer  were  7,  the 
worst  spurious  would  be  of  order  7  or  greater.  The 
second  ratio  of  importance  involves  only  the  frequency 
Fl-  Let  us  illustrate  the  problem  which  can  occur 


if  Fl  varies  over  too  wide  a  band  of  frequencies  by 
use  of  an  example.  If  we  have  a  fixed  Fh  of  30  MHz, 
and  Fl  varies  from  1  to  2  MHz,  the  output  filter  for 
a  sum  mixer  must  run  from  31  to  32  MHz.  When 
Fl  =  1  MHz,  the  Fh  +  2Fl  spurious  product  will  ap¬ 
pear  within  the  passband  of  the  filter  at  32  MHz,  and 
hence  cannot  be  filtered.  In  order  to  be  able  to  proper¬ 
ly  Filter  this  spurious,  the  smallest  ratio  of  the  band 
center  of  Fj^  to  ihe  bandwidth  of  Fl  is  approximately 
3.9  in  the  645A. 

Effect  of  Harmonics  of  Fl  +  F^ 

The  signals  which  are  used  for  the  Fl  &  Fh  in¬ 
puts  to  a  mixer  arc  usually  obtained  from  solid  state 
circuitry,  and  arc  fairly  rich  in  harmonics.  Since  some 
of  the  harmonics  of  Fl  fall  near  the  desired  sum  or 
difference  frequency,  they  can  easily  pass  straight 
through  the  mixer  and  appear  as  spurious  products  in 
the  output  band.  Harmonics  of  either  signal  can  also 
upset  the  basic  symmetry  of  the  drive  signal  to  a  mixer, 
and  for  this  reason  can  enhance  spurious  generation 
since  many  mixers  depend  on  symmetry  conditions 
for  the  rejection  of  certain  types  of  spurious  signals. 
In  order  to  reduce  these  effects,  harmonics  of  both  Fl 
and  Fh  are  attenuated  by  the  use  of  low  pass  filtering 
in  the  inputs  to  all  critical  mixers  in  the  645A. 

Effect  of  Reactive  Terminations 

The  spurious  product  generation  of  many  types  of 
mixers  is  markedly  effected  by  reactive  terminations  at 
the  mixer  outputs.  As  an  example,  the  performance  of 
a  hot  carrier  diode  mixer  on  a  fifth  order  spurious  signal 
was  observed  to  be  as  much  as  40  db  worse  when  a 
tuned  filter  was  used  at  the  output,  rather  than  a  broad¬ 
band  resistive  termination.  The  effect  appears  to  be 
largely  due  to  the  impedance  seen  by  the  image  fre¬ 
quency,  as  the  level  of  the  spurious  signal  can  be  changed 
over  wide  ranges  by  “tuning”  the  line  length  between  the 
mixer  output  and  the  filter  input  with  a  line  stretcher. 
The  driving  impedances  seen  by  the  mixer  are  not  nearly 
as  critical,  and  usually  have  very  little  effect  on  perfor¬ 
mance.  This  effect  is  most  pronounced  in  double  bal¬ 
anced,  broadband  mixers  where  many  of  the  spurious 
responses  are  normally  reduced  substantially  by  sym¬ 
metry  conditions. 

L.  O.  Versus  Linear  Signal  Considerations 

In  a  sum  or  difference  mixer  where  Fl  «  Fh. 
we  always  use  the  Fl  signal  as  the  linear  signal  in  order 
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to  obtain  lower  spurious  responses.  To  see  why  this  is 
done,  let  us  examine  the  effects  which  signal  levels  have 
on  a  given  spurious  product.  The  general  equation  for 
the  amplitude  of  a  spurious  signal  which  is  a 

result  of  a  product  MFu  ±  NT'i  is  shown  in  equation 
(18)  below: 

M  N 

Vm^k^h)  w  0*) 

It  is  clear  from  this  equation  that  we  should  re¬ 
duce  the  signal  levels  Vpj  &  Vj^  in  order  to  reduce  the 
spurious  signal  voltage  jq-  Reducing  the  voltage 
Vfl  by  one  db  causes  to  decrease  by  roughly  M  db, 
and  similarly  a  1  db  reduction  ofVL  causes  Vj^  to  go 
down  by  roughly  N  db.  Since  in  our  case  Vl  <<  V^, 
the  spurious  signals  we  are  concerned  with  have  M  =  0, 
1,  2,  but  have  much  higher  values  of  N  (sec  Figure  10). 
Better  results  are  therefore  obtained  by  using  Fl  as  the 
linear  signal,  and  decreasing  the  amplitude  Vl  until  the 
mixer  generated  spurious  signals  are  reduced  to  a  satis¬ 
factory  level. 

Proper  Choice  of  Mixer  Types 

It  is  extremely  important  to  know  the  performance 
characteristics  of  the  different  types  of  mixers  which  are 
available,  in  order  to  appiy  them  correctly  to  obtain  the 
best  overall  performance  characteristics.  In  the  645  A  we 
have  used  transistors,  hot  carrier  diodes,  FET’s,  and 
varactor  diodes  as  the  non-linear  elements  in  mixers. 
All  of  the  mixers  are  arranged  in  either  a  single  or  double 
balanced  configuration  to  obtain  as  large  an  improve¬ 
ment  in  local  oscillator  feed  through  as  is  possible.  Tran¬ 
sistors  are  used  in  some  low  frequency  (30-40  MHz) 
mixers  where  spurious  generation  is  not  a  serious  prob¬ 
lem.  In  the  more  critical  low  frequency  applications, 
FET’s  are  used  to  take  auvantage  of  their  nearly 
square  law  transfer  characteristics.  At  higher  frequen¬ 
cies  (370-420  MHz)  hot  carrier  diodes  arc  used  where 
broad  band  signals  must  be  accommodated  and  in-band 
spurious  problems  are  not  so  bad  because  of  the  synthe¬ 
sizer  design.  Where  inband  spurious  products  exist  at 
higher  frequencies  and  the  bandwidth  is  not  so  large, 
varactor  diode  upper  sideband  up  convertors  are  used. 

The  performance  of  the  square  law  devices  is 
roughly  an  order  of  magnitude  better  in  critical  appli¬ 
cations  where  inband  spurious  signals  cannot  be  avoided. 
In  order  to  maintain  a  100  db  spurious  specification  at 


the  instrument  output,  it  was  necessary  to  keep  inband 
spurious  products  on  many  of  the  mixers  in  the  order 
of  1 24  db  down.  This  level  of  performance  was  achieved 
while  maintaining  the  mixer  noise  floors  as  low  as  -148 
db/Hz,  in  order  to  keep  from  degrading  the  overall  noise 
performance  of  the  instrument. 

Coherent  Addition  of  Spurious  Signals 

Just  as  the  effects  of  differential  time  delay  are 
bothersome  in  the  case  of  coherent  noise  modulation, 
they  can  be  a  problem  due  to  coherent  addition  of 
spurious  signals.  Let  us  illustrate  this  statement  by 
means  of  an  example.  Suppose  we  have  a  mixer  which 
has  a  symmetrical  phase  modulation  sidebands  1 12  db 
down  on  each  of  its  input  signals,  and  let  us  further  sup¬ 
pose  that  these  modulation  signals  are  at  ±  1  MHz  from 
each  signal.  The  relative  phasing  between  the  two  sets 
of  modulation  sidebands  may  be  anywhere  from  0  to 
180°,  depending  on  differential  time  delays  introduced 
in  signal  processing.  What  is  then  the  magnitude  of  the 
£  1  MHz  spurious  sidebands  generated  on  the  output 
signal?  r  Since  we  have  postulated  identical  spurious 
phase  modulation,  the  resultant  sidebands  could  be 
anywhere  from  infinitely  far  down  if  the  phasing  were 
exactly  180°  out  of  phase,  to  6  db  higher  (or  106  db 
down)  if  they  were  exactly  in  phase. 

This  problem  necessitates  the  use  of  a  worst 
case  design  procedure  in  order  to  guarantee  the  overall 
performance  of  the  synthesizer.  Where  the  possibility 
of  coherent  spurious  signal  phasing  exists,  the  inter¬ 
nal  specifications  must  be  raised  by  6  db  at  each  input 
to  a  mixer  above  the  specification  desired  at  the  mixer 
output.  This  worst  case  design  procedure  was  used  for 
the  design  of  the  645A  synthesizer,  and  results  in  spur¬ 
ious  product  specifications  of  as  great  as  124  db  down  on 
some  of  the  internal  signals  which  are  fed  into  the  UHF 
section  of  the  instrument. 

Section  111  •  Theory  and  Performance  of  the 
645A  Synthesizer 

Now  that  the  basic  problems  of  building  a  direct 
synthesizer  have  been  discussed,  we  are  in  a  position  to 
understand  more  fully  some  of  the  design  compromises 
which  were  made  in  the  645A  synthesizer  to  optimize 
the  overall  noise  and  spurious  performance.  The  basic 
organization  of  the  instrument  is  shown  in  Figure  11. 
The  circuitry  in  the  instrument  has  been  divided  into 
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four  sections  in  Figure  11  for  purposes  of  clarity; 
the  input  section,  fixed  frequency  generators,  sub¬ 
synthesizer,  and  the  UHF  section.  Note  that  there  are 
three  synthesized  signals:  30-70  MHz  in  10  MHz  steps, 
30-39  MHz  in  1  MHz  steps,  and  40-41  MHz  in  0.01  Hz 
steps.  These  signals  represent  the  10  MHz,  1  MHz,  and 
0.01  Hz  steps  respectively  which  are  used  to  synthesize 
the  final  output  of  the  instrument.  These  three  inputs 
are  fed  into  the  UHF  section,  where  they  are  combined 
in  a  drift  cancelling  loop  which  operates  in  the  370-420 
MHz  region,  and  then  are  reduced  to  the  0-S0  MHz  out¬ 
put  frequency  range  in  a  subtractive  mixer.  Now  let  us 
summarize  briefly  the  most  salient  aspects  of  the  design 
with  regard  to  noise  and  spurious  products,  and  then 
describe  the  operation  and  circuitry  of  each  individual 
section  in  more  detail. 


FIGURE  11 

Overall  Block  Diagram  of  Synthesizer 


Designing  for  Low  Correlated  Noise 

Two  important  aspects  of  the  overall  design  for 
low  correlated  noise  arc  the  use  of  a  high  common  fre¬ 
quency  to  start  the  synthesis  process,  and  the  use  of  low 
multiplication  factors  on  the  synthesized  signals.  First, 
let  us  consider  the  10  MHz  common  frequency.  Note- 
that  this  frequency  is  generated  by  multiplying  the  5 
MHz  standard  by  a  factor  of  two  (see  Figure  15).  There 
are  only  4  active  stages  through  which  the  signal  must 
pass  in  order  to  obtain  the  10  MHz  common  frequency, 
and  each  of  these  has  been  very  carefully  designed  to 
keep  the  spectrum  of  the  common  noise  at  this  point 
to  an  absolute  minimum.  In  addition,  the  5  MHz  input 
signal  from  the  mte.nal  or  external  standard  is  passed 
through  a  two  pole  crystal  filter  before  it  is  doubled. 
This  filter  serves  to  attenuate  the  noise  sidebands  pre¬ 
sent  on  the  input  signal  at  offset  frequencies  greater 
than  200  Hz,  so  that  for  offset  frequencies  greater  than 


500  Hz  the  effects  of  the  frequency  standard  are  negli¬ 
gible.  These  techniques  allow  the  generation  of  a  com¬ 
mon  10  MHz  signal  with  very  low  residual  phase  noise. 

Now  let  us  consider  further  the  multiplication  fac¬ 
tors  used  on  the  synthesized  signals.  The  effective  meth¬ 
od  of  operation  of  the  synthesizer  is  to  multiply  the 
common  10  MHz  signal  by  M  =  7-8,  and  by  N  =  3-7 
(where  M  and  N  are  defined  as  used  in  equation  (15) 
and  Figure  (9).  The  effective  multiplication  M  is  ob¬ 
tained  by  summing  the  30-39  MHz  and  40-41  MHz  sig¬ 
nals  in  the  UHF  section,  while  the  multiplication  N  of 
3-7  is  obtained  directly  by  means  of  the  snap  diode 
comb  generator.  The  Nfo  signal  and  Mfo  signals  are  then 
effectively  subtracted  in  the  UHF  section,  so  that  the 
system  operation  can  be  approximated  by  use  of  equa¬ 
tion  (15).  If  we  denote  the  total  residual  noise  on  the 
10  MHz  common  frequency  as  £0(fm),  the  spectrum  of 
the  output  signal  at  the  frequency  fo(M-N)  is  given  by 
equation  (19)  below: 

jCo  (fm)  OUT  =  jCo  (fm)  [M2  +  N2  — 2MN  cos  comAr  ] 

(19) 

This  analysis  is  somewhat  oversimplified  since  a  distinct 
value  of  At  is  difficult  to  define  for  the  equivalent 
M  =  7-8,  but  it  comes  within  a  few  db  of  predicting 
actual  performance.  The  important  observation  is  that 
in  the  worst  case  the  maximum  amount  by  wliich  the 
output  spectrum  can  be  “bumped  up”  above  £0  (fm) 
occurs  when  M  =  8andN  =  7(10  MHz  out),  and  at  an 
offset  of  fm  =  1/(2 At)  «  50  KHz  in  the  645 A.  The 
theoretical  value  of  this  maximum  is  given  by  20  logjg 
(7+8)  ss  23.5  db,  and  in  practice  measures  only  about 
18.5  db,  as  will  be  described  later  in  the  section  on 
overall  performance.  The  net  effect  is  that  common 
noise  is  so  effectively  reduced  that  it  does  not  degrade 
the  overall  instrument  performance  by  any  measureable 
amount. 

Designing  for  Low  Uncorrelated  Noise 

Now  that  it  has  been  shown  how  the  effects  of 
correlated  noise  have  been  minimized,  we  should  con¬ 
sider  how  the  sources  of  uncorrelated  noise  have  been 
minimized.  The  flicker  of  phase  noise  which  is  genera¬ 
ted  in  ail  active  circuits  has  ^ecn  reduced  as  much  as 
possible  by  the  use  of  various  negative  feedback  tech¬ 
niques,  as  recommended  by  Halford  et  al3 .  The  noise 
floors  have  been  held  as  low  as  possible  to  avoid  de¬ 
grading  the  final  output.  There  are  several  factors  which 
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determine  how  low  the  noise  floors  can  be  held.  The 
system  design  has  been  done  in  such  a  way  that  no 
worse  than  9th  order  inband  spurious  products  are  en¬ 
countered.  This  means  that  higher  power  levels  can 
be  used,  thus  improving  the  noise  floor.  State-of-the- 
art  mixers  are  used  to  obtain  the  best  possible  spurious 
performance,  which  also  allows  for  operation  at  higher 
power  levels.  The  noise  figures  of  all  the  mixers  and 
amplifiers  have  been  optimized  to  reduce  additive  noise, 
State-of-the-art  filters  have  been  used  to  minimize  trans¬ 
mission  losses  where  the  outputs  of  mixers  must  be  fil¬ 
tered  directly  to  avoid  spurious  product  generation  in 
active  devices.  The  LC  oscillators  used  in  the  drift 
cancelling  loop  must  also  have  very  low  noise  to  avoid 
degration  of  the  output  signal  due  to  the  differential 
time  delay  in  the  UHF  section.  Each  of  these  factors 
will  be  discussed  further  in  the  descriptions  of  the  in¬ 
strument. 

Designing  for  Low  Spurious  Products 

There  are  several  basic  problems  to  consider  with 
regard  to  designing  for  low  spurious  product  generation. 
The  broad  categories  are;  inband  spurious  products,  out 
of  band  spurious  products  which  must  be  removed  by 
filtering,  and  spurious  products  introduced  by  packag¬ 
ing  and  cable  routing  problems.  The  circuit  generated 
spurious  products  which  arc  due  to  effects  like  mixer 
crossings,  harmonic  contamination  in  multiplier  outputs, 
and  local  oscillator  feed  through  at  the  mixer  outputs, 
can  be  analyzed  through  the  use  of  normal  electrical 
engineering  design  techniques.  The  spurious  signals 
which  are  generated  due  to  packaging  problems  of 
signal  leakage  from  circuit  modules  by  radiation  or  con¬ 
duction,  or  by  leakage  from  RF  cable  runs,  are  much 
more  difficult  to  analyze.  Let  us  consider  these  two 
problems  in  more  detail. 

Circuit  Generated  Spurious  Products 

The  two  most  important  factors  with  regard  to  cir¬ 
cuit  generated  spurious  products  which  must  be  con¬ 
sidered  in  the  overall  system  design  of  the  synthesizer 
are;  inband  spurious  products,  and  the  problem  of  local 
oscillator  feed  through  to  the  output  of  a  mixer.  The  ba¬ 
sic  compromise  to  be  made  directly  involves  the  order  of 
the  in-band  mixer  crossing,  and  the  difficulty  of  filtering 
out  the  local  oscillator  feed  through.  For  example,  let 
us  examine  the  case  where  we  have  Fl  =  3-4  MHz  and 
Ffl  «  37  MHz.  The  output  band  we  wish  to  generate 
then  covers  4041  MHz.  Notice  that  the  worst  in-band 


spurious  product  is  of  order  Fo/Fl  (where  Fl  is  the 
highest  vali'e  used,  4  MHz  in  this  case)  or  40.5/4  «  10. 
Note  that  the  4041  MHz  filter  must  reject  the  local 
oscillator  frequency  of  37  MHz,  which  is  3  MHz  below 
the  lower  band  edge  of  the  filter.  Now  suppose  we  use 
Fpj  ss  38  MHz,  and  Fj^  =  2-3  MHz,  to  generate  the  same 
output  band  of  4041  M Hz.  Now  the  in-band  crossings 
are  of  the  order  40.5/4  '^13,  but  the  local  oscillator 
feed  through  is  only  2  MHz  below  the  lower  band  edge 
of  the  filter,  and  is  very  difficult  to  filter. 

The  above  example  illustrates  the  major  design 
compromise  which  must  be  made.  The  exact  frequencies 
chosen  depend  on  the  state-of-the-art  in  mixers  and 
filters,  not  only  in  the  30-70  MHz  range  of  the  low 
frequency  circuitry,  but  also  in  the  370420  MHz  range 
where  the  UHF  section  operates.  The  choices  of  the 
various  frequencies  to  be  provided  to  the  UHF  section, 
and  the  frequency  that  the  UHF  section  is  to  be  operated 
at,  are  governed  by  the  identical  design  compromise. 
The  entire  system  is  interwoven,  so  that  the  choice  of  a 
frequency  in  the  low  frequency  section  affects  the 
entire  system  design  clear  through  the  UHF  section. 
The  overall  system  design  of  the  645A  has  been  done  in 
such  a  way  as  to  obtain  no  worse  than  9th  order  in-band 
crossings,  and  no  local  oscillator  signal  closer  than  %  5 
half  band  widths  away  from  the  band  center  of  an  output 
filler. 

Packaging  for  Low  Spurious  Products 

The  fundamental  problems  in  packaging  electronic 
hardware  to  avoid  cross  coupling  between  various  cir¬ 
cuits  boil  down  to  two  primary  concerns;  how  to  en¬ 
close  the  circuits  themselves,  and  how  to  arrange  for 
the  minimum  usage  of  physical  interconnections  between 
the  various  circuits.  Once  these  problems  have  been 
dealt  with,  we  must  face  the  associated  problem  of 
arranging  the  various  modules  physically  to  avoid  put¬ 
ting  circuits  which  are  sensitive  to  particular  frequencies 
near  any  sources  of  such  frequencies.  Additional  very 
difficult  requirements  arise  when  one  is  required  to  fit 
ail  the  resulting  hardware  into  the  smallest  possible  over¬ 
all  physical  space.  The '645 A  was  designed  to  fit  in  less 
than  one  half  the  rack  height  of  previous  synthesizers 
operating  in  the  same  frequency  range,  and  at  the  same 
time  achieve  lower  non-harmonic  spurious  outputs.  The 
combination  of  these  two  design  goals  puts  very  severe 
requirements  on  the  packaging  techniques  used. 

One  of  the  important  keys  to  the  attainment  of 
the  desired  goals  is  the  type  of  module  packaging  used. 
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An  example  of  the  technique  used  in  tlie  645A  is  shown 
in  Figure  12.  This  module  has  two  symmetrical  lids 
which  are  clamped  down  hard  into  the  grooves  in  the 
sides  by  means  of  screws  and  spacers  (not  shown).  In 
very  critical  applications,  RF1  gasketing  is  added  down 
inside  the  grooves,  the  lid  being  designed  in  such  a  way 
as  to  compress  the  gasketing  the  amount  recommended 
by  the  vendor.  Ground  plane  connection  is  maintained 
to  die  boards  all  around  the  edges  by  means  of  a  lip 
beneath  the  board,  to  which  the  board  is  clamped  by 
means  of  the  threaded  spacers  and  screws  used  to  hold 
the  lids  on  the  module.  Notice  that  all  inputs  and  out¬ 
puts  to  the  modules  are  by  means  of  coaxial  RF  con¬ 
nectors,  thus  making  all  these  inputs  and  outputs  easily 
accessible  as  test  points,  and  preventing  radiation.  Also 
notice  that  all  DC  connections  to  the  module  are  made 
by  means  of  feed  through  capacitors  to  prevent  RFleak- 
age  onto  the  power  supply  system. 


FIGURE  12 

Example  of  module  packaging  used  in  645A. 

The  physical  arrangement  and  interconnection 
between  the  various  modules  is  shown  in  Figures  13  and 
14.  Notice  that  there  are  relatively  few  coaxial  inter¬ 
connections,  and  that  the  physical  arrangement  of  the 
modules  is  exceptionally  neat  and  compact.  The 
modules  achieve  sufficient  integrity  so  that  they  can  be 
placed  very  close  together  throughout  the  instrument. 
All  of  the  circuitry  has  been  placed  in  the  three  trays 
illustrated  by  the  top  and  bottom  views  shown  in 
Figures  13  and  14.  Note  that  the  UHF  tray  and  the 
input  section  tray  shown  in  Figure  14  swing  up  on 
lunges  and  lock,  so  that  easy  access  is  provided  to  all 
the  interior  DC  interface  areas. 

One  of  the  most  important  parts  of  the  package 
design  which  is  not  immediately  obvious  is  the  division 
of  circuit  functions  within  the  synthesiser.  Early  in  the 
program  we  discovered  it  was  not  advisable  to  attempt 
more  than  70  db  of  isolation  between  signals  inside  of 


FIGURE  13 

Sub-Synthes'zer  and  Fixed  Frequency  Generator  Section 
of  645 A  (Top  Viewl 


FIGURE  14 

Input  Section  and  UHF  Section  of  645A  (Bottom  View) 


any  one  module,  due  to  wave  guide  below  cutoff  modes 
and  ground  loops.  All  of  the  critical  functions  were  then 
packaged  according  to  the  necessary  electrical  specifi¬ 
cations  in  the  appropriate  manner,  separating  functions 
into  different  modules  as  necessary. 

Theory  and  Performance  of  Input  Section 

The  input  section  applies  limiting  and  filtering  to 
the  5  Mils  signal,  and  then  doubles  it  to  10  Mils  (sec 
Figure  15).  The  10  Mils  signal  is  then  applied  to  the 
snap  diode  comb  generator,  and  the  3rd  to  7th  har¬ 
monics  arc  selected  by  means  of  harmonic  selector 
modules  (sec  Figuic  8  for  typical  harmonic  selector 
module  circuit  and  performance).  One  of  the  30-70 
MHz  outputs  is  selected  by  means  of  gates  and  serves  as 
the  10  Mils  digit  input  to  the  UHT  section.  The  only 
spurious  problems  at  this  point  aic  adjacent  10  Mils 
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harmonics,  which  are  only  down  ~  80  db  since  an  ad¬ 
ditional  50  db  of  clean  up  is  provided  by  a  340  MHz 
filter  in  the  UHF  section.  The  70  MHz  signal  is  divided 
by  two  to  obtain  35  MHz,  and  the  30  and  40  MHz 
signals  are  divided  by  10  to  obtain  3  and  4  MHz.  Out¬ 
puts  arc  provided  at  30,  35,  40,  3,  and  4  MHz  fre¬ 
quencies  for  use  in  the  fixed  frequency  generators. 
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FIGURE  15 

Input  Section  Block  Diagram. 

The  residual  noise  present  in  the  harmonic  selector 
modules  is  negligible  (see  Figure  8)  with  respect  to  the 
multiplied  common  noise  present  on  the  30-70  MHz 
outputs,  so  that  there  is  a  very  high  degree  of  correlation 
of  the  noise  sidebands  on  all  these  outputs.  For  all 
practical  purposes  the  performance  of  the  synthesizer 
can  be  nicely  predicted  by  considering  the  noise  on  all 
these  outputs  as  completely  common.  This  noise  can 
easily  be  measured  by  driving  two  synthesizers  with  a 
common  5  MHz,  and  then  measuring  £(fm)  using  the 
two  70  MHz  outputs  from  the  input  sections.  The 
output  spectra  of  the  30  MHz  and  10  MHz  output 
signals  can  be  obtained  directly  from  this  measurement 
by  dropping  the  70  MHz  curve  by  7.5  db  and  17  db 
respectively,  as  shown  in  Figure  16.  The  common 
noise  of  the  40-60  MHz  outputs  can  be  easily  character¬ 
ized  in  a  similar  manner. 

Theory  and  Performance  of  Fixed  Frequency 
Generators 

The  operation  of  the  fixed  frequency  generators 
is  very  simple  (see  Figure  17).  The  30  and  35  MHz 
signals  are  simply  passed  through  clean  up  filters,  while 
the  remainder  of  the  signals  are  generated  by  up  and 
down  converting  with  the  various  frequencies  supplied 
by  the  input  section.  Buffered  outputs  are  provided  to 
drive  the  gates  and  associated  circuitry  in  the  sub¬ 
synthesizer,  and  a  gated  30-39  MHz  signal  is  provided 
for  the  1  MHz  digit  information  to  the  UHF  section. 


- -  iOIAI  COMMON  NOllt  AT  70  WHi 

- - -  TOTAL  COMMON  NOW  AT  30  Mm 

•  TOTAL  COMMON  hO\U  AT  10  Mm 

FIGURE  16 

Input  Section  Common  Noise 

Due  to  the  fact  that  all  t1  e  input  signals  are  harmonics 
of  1  MHz  and  arc  synthesized  frequencies,  the  closest 
spurious  signals  possible  lie  at  ±1  MHz  from  the  car¬ 
rier  frequencies  and  are  easily  filtered.  In  order  to 
provide  a  30-39  MHz  signal  free  of  ±1  MHz  spurious 
worse  than  118  db  down,  it  was  necessary  to  split  the 


Fixed  Frequency  Generator  Block  Diagram 
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gate  functions  between  the  fixed  frequency  filter  mod¬ 
ules  and  a  separate  gate  module.  The  gates  which  are 
off  are  gated  off  both  in  the  individual  filter  modules, 
and  in  a  separate  gate  module  used  to  sum  the  outputs 
into  the  line  going  to  the  UHF  section. 

The  residual  flicker  noise  and  noise  floors  en¬ 
countered  in  the  fixed  frequency  generator  circuitry  are 
low  enough  so  that  they  do  not  contribute  appreciably 
to  the  noise  at  the  synthesizer  output.  Therefore, 
the  common  noise  on  the  30-39  MHz  outputs  can  be 
predicted  by  the  same  techniques  used  in  Figure  16,  as 
previously  described. 

Theory  and  Performance  of  the  Sub-Synthesizer 

The  sub-synthesizer  and  UHF  sections  involve  the 
most  complicated  signal  processing  paths  in  the  instru¬ 
ment,  and  hence  are  responsible  for  most  of  the  un¬ 
correlated  residual  phase  noise  present  in  the  output 
signal.  The  sub-synthesizer  also  has  some  of  the  most 
stringent  mixer  and  filter  requirements  in  the  instru¬ 
ment.  The  sub-synthesizer  operates  by  an  iterative  mix 
and  divide  scheme,  as  illustrated  by  Figure  18.  The 
frequency  selection  in  each  digit  is  accomplished  by 
gating  one  of  the  30-39  MHz  inputs  into  the  appropriate 
digit  unit.  Selection  of  the  proper  signal  is  done  by 
means  of  an  electrical  10  line  code,  which  can  be  sup¬ 
plied  either  from  the  front  panel  or  from  an  external  pro¬ 
gramming  source.  Note  that  the  gated  signal  is  divided 
by  10  to  provide  a  3.G-3.9  MHz  signal  in  100  KHz  steps, 
which  is  then  used  as  the  lir.vt  r  input  to  the  second 
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FIGURE  18 

Sub-Syn  thasizor  Block  Olay, -am 


mixer  in  each  digit  unit.  The  division  by  10  eases  the 
spurious  requirements  on  the  digit  control  gates  by  20 
db,  due  to  the  spurious  cleanup  during  the  division 
process.  Additional  filtering  is  also  done  on  the  3.0-3.9 
MHz  signal  to  help  reduce  any  sidebands  present  due  to 
gate  leakage. 

The  digit  units  all  utilize  the  identical  frequencies, 
but  the  output  of  the  second  mixer  in  the  last  digit  unit 
is  not  divided  by  10  in  order  to  provide  the  4041  MHz 
signal  to  the  UHF  section.  The  actual  manner  in  which 
the  100  KHz  frequency  increments  are  divided  as  the 
signal  progresses  from  left  to  right  through  the  sub¬ 
synthesizer  is  shown  more  clearly  in  Figure  19.  The  V 
above  the  digit  is  used  in  Figure  19  to  trace  the  pro¬ 
gress  of  a  single  digit  as  it  passes  through  the  sub- 
synthesizer,  and  is  shifted  by  a  factor  of  ten  downward 
to  a  less  significant  decimal  position  each  time  it  passes 
through  a  digit  unit. 
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Principle  of  operation  of  sub-synthesi2or. 

The  design  requirements  are  the  most  stringent  on 
the  100  KHz  digit  of  the  sub-synthesizer,  and  become 
less  severe  for  the  lower  order  digits.  The  first  five 
digit  units  are  identical,  and  are  of  relatively  simple 
design.  The  1  KHz  and  10  KHz  digits  are  of  a  more 
sophisticated  design.  The  100  KHz  digit  is  more 
sophisticated  still,  and  requires  six  separate  modules  in 
.  order  to  obtain  the  necessary  performance.  The  hardest 
design  problems  were  to  keep  the  9th  order  inband 
spurious  products  down  in  the  first  mixer,  and  to 
remove  the  37.1  MHz  local  oscillator  signal  from  the 
output  of  the  second  mixer.  The  linear  product  genera¬ 
tion  was  kept  down  by  the  use  of  a  very  carefully 
designed  FET  balanced  mixer,  and  the  filtering  was  done 
by  the  use  of  two  separate  Cauer  filters  connected  in 
series.  A  full  110  db  rejection  of  the  37.1  MHz  local 
oscillator  signal  is  achieved  by  the  filters  alone,  and  an 
additional  25  db  is  provided  by  the  balanced  mixer. 
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The  residual  independent  noise  generated  in  the 
sub -synthesizer  can  be  measured  by  using  the  same  33 
MHz  signal  to  drive  the  sub-synthesizers  of  two  separate 
instruments,  and  dialing  each  instrument  to  XX.333.. . 
MHz  by  means  of  the  front  panel  digit  switches.  The 
outputs  from  both  sub-synthesizers  are  at  40.333. . . 
MHz  when  tliis  is  done,  and£(fm)  can  be  measured  by 
using  these  two  signals  as  the  mixer  inputs  in  the  test 
set  up  shown  in  Figure  4.  The  results  of  this  test  are 
shown  as  the  solid  line  in  Figure  20. 
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FIGURE  20 

Total  synthesizer  indcpona-  nt  residual  noise. 


advantage  of  having  no  inband  spurious  products  of  less 
than  15th  order.  The  5th  order  spurious  is  also  easily 
removed  by  the  filter. 
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FIGURE  21 

UHF  Section  Block  Diagram 

The  second  and  third  additive  mixers  arc  balanced 
varactor  diode  upper  sideband  up  convertors.  The 
second  mixer  has  no  inband  spurious  products  less  than 
15th  order  which  are  not  filterable,  and  the  third  has 
only  an  11th  order  inband  product  which  is  easily  held 
sufficiently  low.  The  removal  of  the  carrier  signal  at 
381  MHz  from  ‘he  410-420  MHz  output  signal  of  the 
third  mixer  also  requires  an  8  section  Chebyshev  tubular 
filter.  The  filter  requirements  are  eased  somewhat  by 
good  carrier  balance  and  some  passive  filtering  in  the 
up-converter,  and  also  by  the  very  high  linear  signal 
levels  which  can  be  used  without  serious  spurious  pro¬ 
duct  generation. 


Theory  and  Performance  of  the  UHF  Section 

The  method  of  operation  of  the  UHF  section  can 
easily  be  understood  b>  reference  tv.  the  block  diagram 
of  Figure  21.  The  30-70  MHz  signal  i.  switched  simul 
taniously  with  the  370410  MHz  LC  oscillators,  each  in 
10  MHz  steps,  as  is  indicat  :d  by  the  tablt  shown  in 
Figure  21.  This  results  in  a  constant  IF  frequency  of 
=*340  MHz  out  of  the  first  hot  carrier  diode  double 
balanced  subtractive  mixer.  The  carrier  frequency,  and 
also  10  MHz  sidebands  present  on  the  30-70  MHz  input, 
are  sufficiently  removed  from  the  mixer  output  by 
use  of  a  narrow  band  8  section  Chebyshev  tubula.  filter 
at  the  output  of  the  mixer.  The  choice  of  frequencies 
for  this  mixer  results  in  a  fifth  order  spurious  signal  a. 
350  MHz  when  the  70  MHz  input  is  used,  but  has  the 


The  output  mixer  of  the  UHF  section  is  also  a 
hot  carrier  double  balanced  modulator.  This  type  of 
mixer  was  used  here  due  to  its  wide  bandwidth  capabil¬ 
ities  and  DC  coupled  output  port  The  spurious  products 
which  are  encountered  here  arc  of  the  15th  order  in  the 
worst  case,  and  are  of  the  type  7Fjj-8Fl-  The  linear 
signal  must  be  run  at  a  fnrly  low  level  in  order  to  keep 
the  spurious  products  down,  but  even  so  the  noise  floor 
at  the  mixer  output  due  to  power  le'  el  and  noise  figure 
considerations  can  be  held  at  -147  db/Hz  (sum  of 
equal  AM  &  PM  noise  in  this  case). 

The  residual  noise  performance  can  be  measured 
by  using  3  common  40  MHz  signal  at  each  of  the  three 
input  ports  to  the  UHF  section,  and  switching  on  the 
380  MHz  LC  oscillator.  This  causns  40  MHz  to  be 
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synthesized  at  the  instrument  output.  The  40  MHz 
output  is  used  as  one  input  to  the  mixer  of  the  test 
setup  as  shown  in  Figure  4,  and  the  same  40  MHz 
signal  used  for  the  UHF  section  inputs  is  used  for  the 
other  input.  The  residual  noise  due  to  the  UHF  section 
can  then  be  calculated  by  use  of  equation  (7),  but  the 
three  db  factor  is  no*  used  since  there  is  only  one  source 
of  noise  in  this  test.  The  results  of  this  test  are  indicated 
by  the  dashed  line  shown  on  Figure  20.  Note  that  the 
only  observable  degradation  due  to  the  switched  LC 
oscillators  occurs  in  the  offset  frequency  region  of  500 
Hz  to  10  KHz.  The  slope  of  «-7  db/decade  here  is  due 
to  the  -27  db/decade  slope  of  f(fm)  exhibited  by  the  LC 
oscillators,  and  the  20  db/decade  improvement  with 
decreasing  carrier  frequency  of  the  common  mode  noise 
rejection  due  to  the  drift  cancelling  loop.  This  latter 
effect  can  be  understood  by  letting  M=N=1  in  equation 
(15),  and  using  a  small  angle  approximation  for  the  case 
when  ioniAr«l.  At  modulation  frequencies  lower 
than  500  Hz  the  flicker  of  phase  noise  predominates,  as 
was  described  in  Section  11. 

A  significant  advantage  of  the  UHF  section  over 
previous  designs  is  the  good  control  of  output  level 
which  is  attained  without  the  use  of  ALC.  The  output 
level  from  the  synthesizer  is  controlled  essentially  by  the 
370410  MHz  signal  from  the  switched  LC  osullators 
into  the  output  mixer.  This  is  true  because  this  signal  is 
used  as  the  linear  signal  in  the  output  mixer,  and  the 
conversion  efficiency  of  the  mixer  is  nearly  independent 
of  the  LO  signal  level.  The  signal  from  the  LC  oscillators 
is  passed  through  a  class  C  overdriven  amplifier  and  a 
resistive  attenuator  before  being  used  as  the  linear 
signal  in  the  output  mixer,  and  hence  the  output  level 
can  be  controlled  quite  easily  by  means  of  adjusting  the 
current  in  the  Class  C  ovcrdnvcn  amplifier.  This  method 
of  operation  makes  possible  several  modes  of  output 
amplitude  control,  which  can  be  selected  by  the  front 
panel  “OUTPUT"  control  (see  Figure  22). 

In  the  fixed  1  VRMS  output  mode  of  operation, 
DC  signals  from  the  LC  oscillator  module  arc  used  to 
adjust  the  linear  signal  level  according  to  which  10  MHz 
digit  is  dialed  up.  The  use  of  this  technique  means  that 
one  internal  level  setting  can  be  made  for  each  10  MHz 
segment  o1"  atput  frequencies,  so  that  at  the  final  output 
the  total  level  variation  from  100  Hz  io  50  MHz  in  this 
mode  is  typically  held  to  ±0.4  db.  Since  the  level  con¬ 
trol  is  attained  without  ALC  and  is  very  fast  acting  even 
when  switching  10  MHz  digits,  the  AM  switching 
transients  are  greatly  reduced.  The  output  signal  is 


within  ±1  db  of  its  final  value  less  than  20  /rs  after 
switching  occurs.  An  ALC  mode  of  operation  is  also 
provided,  with  typical  level  control  of  ±0.1  db  from 
20  KHz  -  50  MHz.  Level  control  is  provided  from  0.2- 
1.0  VRMS  in  this  mode  by  means  of  the  front  panel 
“ALC  LEVEL”  control,  or  linear  voltage  control  from  a 
remote  DC  source.  Other  modes  of  operation  possible 
are  remote  leveling  using  an  external  detector,  and  amp 
litude  modulation  using  an  external  modulation  source. 

Search  Oscillator  and  Sweep  Functions 

An  interpolation  oscillator  is  provided  which  can 
be  used  to  obtain  continuous  tuning  of  the  output 
frequency  over  a  range  of  ±1  digit,  from  ±100  KHz  to 
±0.01  Hz  depending  on  the  setting  of  the  search  oscil 
lator  controls.  Sec  the  front  panel  and  rear  panel  photo 
graphs  of  Figures  22  and  23  for  details  of  the  controls. 
The  position  which  is  coi..rollcd  by  the  search  oscillator 
can  be  manually  selected  by  means  of  the  decade 
selector  switch  on  the  front  panel,  or  can  be  remotely 
selected  if  the  decade  selector  switch  is  set  to  the  “REM” 
position.  Note  the  search  digit  interpolator  controls 
(sec  Figure  22),  which  are  also  used  to  control  this 
feature.  With  the  search  digit  interpolator  mode  switch 
in  the  "LOCAL"  position,  control  of  the  search  is  by 
means  of  the  front  panel  “DIGIT  INTERPOLATOR” 
dial.  Accuracy  of  this  front  panel  control  is  ±2%  of  one 
digit.  With  the  mode  switch  in  “REMOTE",  the  search 
oscillator  frequency  can  be  controlled  by  means  of  a 
±10  VDC  signal  which  can  be  applied  at  the  rear  panel 
“REMOTE  SEARCH  INPUT"  connector.  With  the 
mode  switch  in  “SWEEP",  the  search  oscillator  is  swept 
back  and  forth  with  an  internal  linear  saw  tooth  waveform 
over  a  range  of  ±1.0,  ±0.5,  or  ±0.2  of  the  digit  selected. 
The  sweep  voltage  is  available  at  the  rear  panel  “SWEEP 
ANALOG  OUTPUT”  connector  for  use  as  the  horizontal 
signal  to  an  oscilloscope.  The  sweep  rate  is  selectable 
in  a  1-2-5  sequence  from  0.01  sec  to  50  sec  by  means  of 
the  "SWEEP  TIME-SEC"  switch. 

The  most  important  point  to  notice  about  the 
entire  search  oscillator  feature  is  that  the  search  or 
sweep  function  is  always  symmetrical  about  the  dialed 
frequency.  This  is  due  to  the  manner  in  which  the 
insertion  of  the  search  oscillator  is  achieved,  which  is 
illustrated  in  Figure  18.  The  search  gates  arc  simply 
used  to  substitute  the  search  oscillator  33  ±  0.1  MHz 
signal  for  the  fixed  33  MHz  signal  in  the  appropriate 
digit  unit,  thus  leaving  all  the  digit  control  gate  inputs 
still  active.  This  feature  is  very  convenient  for  such 
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applications  as  sweeping  crystal  filters.  For  example,  if 
we  wish  to  sweep  ±10  KHz  around  the  center  frequency 
of  a  1.234  MHz  crystal  filter,  we  simply  dial  up  1.234 
MHz  on  the  front  panel  digit  switches  and  set  the  con- 
tiols  for  a  ±1.0  digit  sweep  in  the  10  KHz  digit.  The 
33  ±0.1  MHz  signal  for  the  search  oscillator  is  obtained 
by  adding  a  fixed  30  MHz  to  the  output  of  a  linearized 
VCO,  which  is  tunable  from  2.9-3. 1  MHz  by  means  of  a 
±10  VDC  signal. 

Overall  Synthesizer  £  (fm)  Performance 

The  overall  residual  noise  of  the  synthesizer  is 
easily  measured  using  the  technique  shown  in  Figure  4. 
A  common  5  MHz  standard  input  is  used  for  both  units, 
and  the  final  synthesized  outputs  are  used  to  drive  the 
nuxer.  The  results  arc  reduced  by  the  use  of  equation  7, 
since  the  units  under  test  were  previously  shown  to  be 
very  nearly  equal  in  performance.  The  results  of  this 
test  for  output  frequencies  of  49.9  MHz  and  9.9  MHz 
are  shown  in  Figure  24. 


10*  to*  to4  to* 


-■■■  ■  -  •  IYNIH(|1/{R  RfSiOUAL  WXtt  AT  4)  t  MHi  OUTMJT 
- -  SYNTH(St2INMCilOUAlNCtU  ATItUHiOUTnjT 

FIGURE  24 

Overall  synthesizer  residual  noise. 

The  performance  at  49.9  MHz  for  offset  frequencies 
fm  <  5  KHz  is  set  mostly  by  the  multiplied  common 
noise  component.  This  can  be  seen  by  dropping  the 
70  MHz  common  noise  plot  shown  in  Figure  16  by  4  db 
(to  simulate  50  MHz),  and  comparing  it  to  the  residual 
noise  plot  for  49.9  MHz  as  shown  by  the  solid  line  on 


Figure  24.  At  9.9  MHz  output  the  performance  for 
offset  frequencies  fm  <  5  KHz  is  set  primarily  by  the 
sum  of  the  residual  noises  due  to  the  UHF  section  and 
the  sub-synthesizer.  This  can  be  seen  by  comparison  of 
the  9.9  MHz  output  spectrum  with  the  dotted  line 
shown  on  Figure  20.  For  offset  frequencies  fm  >  5  KHz 
the  performance  is  set  by  the  sub-synthesizer  and  UHF 
section  residuals  in  ali  cases.  Since  the  effect  of  the 
common  noise  is  already  negligible  at  10  MHz,  the 
plot  of  £(fm)  for  lower  output  frequencies  will  remain 
essentially  constant. 

The  amount  of  ‘bumping”  of  the  common  noise 
which  occurs  at  the  output  can  be  predicted  by  means  of 
a  measurement  of  the  transfer  characteristics  from  the 
10  MHz  common  frequency  to  the  final  output.  A  small 
fixed  level  of  phase  modulation  is  applied  to  the  10  MHz 
common  frequency,  and  the  amplitude  of  the  resulting 
spurious  sidebands  at  the  synthesizer  output  is  noted  as 
a  function  of  the  offset,  frequency  fm  for  a  given  out¬ 
put  frequency.  The  number  of  db  by  which  the 
spurious  signal  generated  at  the  output  exceeds  the 
modulation  put  on  the  10  MHz  common  frequency,  is 
a  direct  measure  of  how  much  the  common  noise  on 
the  10  MHz  signal  will  be  “bumped  up”  by  differential 
time  delay.  The  worst  case  occurs  at  «  9.9  MHz  output 
since  M+N  =  15  in  this  case,  which  is  the  largest  value 
encountered.  The  common  noise  component  at  the  out¬ 
put  is  shown  in  Figure  25  for  this  case.  The  plot  was 
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FIGURE  2S 

Worst  case  "bumping  up" of  the  correlated  noise  at  the 
synthesizer  output.  Occurs  at  9.9999.... MHz  output. 
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obtained  by  adding  the  degradation  measured  at  9.9 
MHz  as  just  described,  to  the  common  noise  at  10  MHz 
as  shown  in  Figure  16.  It  can  be  seen  from  this  plot 
that  this  component  is  =»  6  db  below  the  noise  floor  at 
the  peak  of  the  “bump”  which  occurs  at  fin  =  50  KHz, 
and  hence  adds  very  little  to  the  output  spectrum. 

Residual  o(A  f/fo(2,  T,  r,  f^]  of  Synthesizer 

The  standard  deviation  of  the  frequency  fluctuations 
due  to  the  residual  noise  of  the  synthesizer  can  be 
measured  using  the  technique  shown  in  Figure  7.  The 
data  taken,  and  the  test  conditions  used  for  the  measure¬ 
ment,  arc  shown  in  Figure  26.  Allan  has  shown  that  a 
slope  of  -1  on  the  plot  of  standard  deviation  versus 
average  time  r,  corresponds  to  a  slope  of  -1  on  a  plot 
of  £(fm)  or  S0(fni).  Note  that  the  data  points  shown 
on  Figure  26  indicate  very  nearly  a  - 1  slope  for  averaging 
times  t  from  0.01  sec.  to  100  sec.  This  means  that  the 
residual  noise  plot  of  £(fm)  continues  at  a  slope  of 
=«  10  db/dccadc  down  to  offset  frequencies  at  least  in 
the  magnitude  of  0.005  Hz. 
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FIGURE  26 

Residua I  o(A  f/f0  (2,  T,  T,  fh) )  for  64SA  at  50  MHz  out. 
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Derivation  of  Expression  for  02  (t) 


In  these  derivations  the  variable  0(t)  represents 
the  phase  fluctuations  (due  to  both  devices  under  test) 
which  arc  being  translated  to  voltage  fluctuations  at  the 
output  of  the  mixer  shown  in  Figure  4.  For  this  reason 
the  formulas  developed  in  Appendix  I  represent  the 
effects  of  the  phase  noise  of  both  sources,  and  therefore 
must  be  modified  as  is  discussed  in  the  text  to  obtain 
expressions  for  the  noise  on  just  one  device  under  test. 
Using  the  parameters  K0  and  A  as  defined  in  Figure  4, 
and  denoting  the  output  voltage  from  the  phase  detec¬ 
tor  as  a  function  of  time  as  Vx(t),  we  may  write  the 
following  equations: 


Vxfl) 

A 


=  0(0  K0 


(20) 


0(0  = 


Vx(t) 

K0A 


(21) 


Squaring  and  taking  the  average  value  of  each  side  of 
equation  (21): 


02(t) 


Vx2(t) 

(K0A)2 


(22) 


Physical  Interpretation  of  02  (t) 

Now  let  us  show  that  02(t)  is  the  total  side¬ 
band  noise  to  signal  power  ratio  for  a  phase  modulated 
signal.  Tr  king  the  coherent  sine  wave  modulation  case 
for  simplicity,  the  vector  representation  of  a  small  index 
phase  modulated  signal  shown  in  Figure  27  below  is 
well  known.5  The  peak  deviation  angle  is  the  modula¬ 
tion  index  0,  and  the  phase  modulation  is  represented 
by  the  sum  of  the  two  small  counter-rotating  vectors 
each  of  peak  magnitude  Vjvj/2.  Hie  peak  magnitude  of 
the  carrier  voltage  is  Vs. 


Vector  representation  of  small  angle  phase  modulation. 
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Now  the  total  phase  modulation  sideband  to  signal 
power  ratio  is  easily  calculated  (assume  1  load): 


substituting  0  =  —  )We  obtain: 
vs 


N0  _  £_ 
S  ~  2 


(24) 


Now  since  the  sinusoidal  phase  modulation  has  a 
peak  value  of  0,  it  has  a  mean  squared  value: 
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Let  us  derive  the  expression  which  relates  the 
spectral  density  at  the  output  of  the  system  shown  in 
Figure  9  of  the  text  to  the  density  of  the  input  fo.  For 
the  derivation  we  will  assume  that  the  input  signal  fo 
to  the  two  multipliers  has  a  flat  phase  modulation  spec¬ 
tral  density  of  X0.  If  we  assume  the  two  multipliers  XM 
and  XN  are  ideal,  then  the  output  spectra  will  have 
the  values  M2  Xo  and  N2X0  respectively.  We  will  assume 
that  an  ideal  lime  delay  is  in  series  with  each  multiplier 
and  that  the  time  delay  tm  associated  with  the  XM  mul¬ 
tiplier  is  greater  than  the  delay  rjq  of  the  XN  multiplier. 
The  difference  between  the  two  is  tm-tn  =  At-  We 
also  assume  that  M>N.  The  expression  will  be  derived 
for  the  small  angle  sinusoidal  phase  modulation  case. 
Assuming  the  input  signal  is  given  by: 


V(t)  =  Ao  sin(co0t  +  0o  sin  wmt)  (30) 


combining  (24)  and  (25): 


The  input  phase  is  then: 


(26) 


Derivation  of  Expression  for  X(fm) 


0in(O  =  coot  +  00  Sin  wmt  (31) 

We  will  use  the  substitutions  shown  below  to  account 
for  the  effects  of  and  rjq: 


Now  if  we  assume  that  the  relationship  of  equation 
(26)  holds  for  random  as  well  as  coherent  modulation 
sidebands,  we  can  derive  an  expression  for  X  (fm).  Let 
Vx(t,  fm,  1  Hz)  be  the  voltage  in  a  1  Hz  bandwidth 
centered  on  fm  which  appears  at  the  input  of  the  ana¬ 
lyzer  of  Figure  4,  and  let  0(t,  fm,  1  Hz)  represent  the 
phase  fluctuations  corresponding  to  the  same  frequency 
band.  Since  X  (fm)  is  defined  in  terms  of  the  noise 
power  in  only  one  side  band,  equations  (26)  and  (22) 
can  be  used  to  write  the  following  expressions: 


t-Tjq  at  output  of  XN 

(32) 

t-r\i  at  output  of  XM 

(33) 

Now  since  the  only  effect  of  the  ideal  multiplier  is 
to  multiply  the  argument  by  the  multiplication  factor, 
wc  can  write  expressions  for  the  phase  out  of  the  multi¬ 
plier  using  the  substitutions  shown  above: 

<t>  n(0  =  NcooO-tn)  +N0O  sin  wm(t'TN)  (34) 


X  (fm)  = 

X  (fm)  = 


<j> 2  (t,  fm,  1  Hz) 
2 


Vx2(t,fm,  1  Hz) 
~2  (K0  A)2 


(27) 


(28) 


0M(t)  =  Mw0(t-7M)+M/?0  sin  wm(t-rM)  (35) 

The  output  phase  can  then  be  written  as: 

0OUT  =  $M(0  -0N  (t)  (36) 


Expressing  X(fm)  in  db/Hz  when  Fjq  ^  1  Hz 
where  fN  and  Vx(fm)  are  defined  in  Figure  4: 


.  Vx(fm)  , 

«fm)  =  201og,0  lK0A>,-^=  )  <»> 


00  UT  =  w0t(M-N) 

+co0(NrN~MrM)  (37) 

N 

+0OM  [  sinwm(t  -tm)-  —  sin  win(l-TN)  j 
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The  first  term  of  equation  (37)  represents  the 
angular  frequency  of  the  output  signal,  and  the  second 
term  represents  a  fixed  phase  shift.  For  the  purposes  of 
determining  the  effects  of  the  system  on  the  modulation 
sidebands,  we  need  only  consider  the  third  term.  Using 
the  trigonometric  identity  shown  in  equation  (38),  the 
third  term  can  be  reduced  to  the  form  shown  in  equa¬ 
tion  (39).  The  angle  5  is  actually  a  complicated  function 
of  nr,®,  &  p.  The  function  6  has  not  been  shown  since  it 
reduces  simply  to  the  form  wmt+$,  and  for  the  case  at 
hand  4>  can  simply  be  assumed  as  zero  since  it  does  not 
affect  the  result  in  which  we  are  interested. 

sina  +  msin/3=  [l+m2+2m  cos(0-a)J ^sin  5  (38) 

0OUT  -  p0  ( M2  +N2  -2MNcoswm(7M-TN)]  ’^sin  wmt 

(39) 

Now  if  we  consider  only  the  modulation  term  of  the 
original  input  phase: 

<?IN  (t)  =  P0  sin  wmt  (40) 

Combining  equations  (39)  and  (40)  and  substi¬ 
tuting  At  =  r^-Tjsj,  we  can  obtain  the  ratio  of  the  mag¬ 
nitude  of  the  output  phase  modulation  to  the  input 
phase  modulation: 

^  0UT-  =  [  M2  +  N2  -  2MN  cos  comAr]  h 

<K0  IN 


Now  it  can  be  seen  that  in  the  case  of  an  input 
signal  with  a  spectral  density  £(fm)  IN  at  a  given  offset 
±fm  from  the  carrier,  the  ratio  of  the  output  spectral 
density  has  the  same  form  as  equation  (41),  except  that 
it  is  squared  since  JC(fm)  is  a  power  spectral  density. 

jC(fm)OUT  „  , 

- =  M2  +N2  -2MN  cos  comAr  (42) 

X(fm)IN  m 
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Abstract 

A  review  of  progress  in  laser  stabilization 
techniques  and  laser  frequency  measurement  is 
given.  Methods  for  relating  laser  frequencies 
to  the  time  standard  and  methods  for  absolute 
laser  frequency  stabilization  are  described. 
Experimental  information  on  reproducibility  and 
noise  characteristics  is  reported.  Application 
to  frequency  and  wavelength  standards  is 
discussed. 

Introduction 

Since  the  discovery  of  the  He-Nejgas  laser 
in  1960  by  Javan,  Bennett  and  Herriot,  many 
atomic  and  molecular  laser  transitions  have 
been  found.  The  possibility  of  using  one  of  these 
transitions  as  a  highly  stable  frequency  or  wave¬ 
length  standard  in  the  visible  or  near  infrared 
has  been  envisioned,  and  many  schemes  have 
been  developed  to  try  to  reproduce  accurately 
the  wavelength  of  one  of  these  transitions.  * 
The  usual  techniques  involve  servo-control  of 
the  laser  cavity  to  some  characteristic  of  the 
laser  transition.  The  major  problems  involved 
with  tliese  attempts  were  large  frequency  shift 
due  to  gas  pressure  changes  in  the  plasma, 
amplitude  and  frequency  fluctuations  due  to 
plasma  instabilities,  and  the  dependence  of  the 
frequency  on  the  current-voltage  characteristics 
of  the  plasma  discharge. 

In  1967  there  were  two  important  develop¬ 
ments  in  laser  spectroscopy  that  pointed  the 
direction  necessary  to  realize  accuracy  compet¬ 
itive  with  frequency  standards --saturated 
absorption  of  atoms  and  molecules  first  reported 
by  Lee  and  Skolnick^  and  absolute  frequency 
measurement  of  a  laser  transition  first  reported 
by  Mocker  et  al.  ^ 

Saturated  Absorption 

The  research  of  Lee  and  Skolnick  on  satu¬ 
rated  absorption  in  Ne  led  others,  namely 


7  ft 

Barger  and  Hall,  Hanes  and  Baird,  and 
Rabinowitz  et  al,^  into  the  investigation  of 
saturated  absorption  of  molecular  species 
having  absorption  transitions  coincident  with  the 
laser  transition.  The  molecular  species  that 
have  been  reported  to  date  are  L>,  CH^,  and 
SF^.  Molecular  species  are  attractive  because 
molecular  vibration -rotation  transitions  have 
characteristically  long  lifetimes,  absorption  can 
be  obtained  from  thermally  populated  states, 
and  there  is  a  much  higher  probability  for  coin¬ 
cidences  of  a  molecular  transition  with  a  laser 
transition.  The  most  extensive  research  to 

date  has  been  done  on  I,  and  CH,. 

2  4 

The  principle  of  saturated  absorption  can 
be  illustrated  by  referring  to  Fig.  1.  A  cell 
containing  the  absorbing  gas  is  placed  inside  the 
laser  cavity.  The  absorption  transition  whose 
Doppler  width  is  greater  than  the  natural  line 
width  interacts  with  the  laser  radiation  such  that 
absorption  takes  place  at  the  laser  frequency 
f  =  fQ{  1  ±  vyyc)  where  fQ  is  the  molecular 
transition  frequency  at  rest  and  vz  is  the 
speed  of  the  molecule  along  the  laser  axis.  If 
we  think  of  the  standing  wave  laser  radiation 
pattern  ns  composed  of  two  oppositely  directed 
running  waves  of  equal  amplitude,  then  two 
holes  arc  "burned  out"  of  the  absorption  density 
distribution  as  a  function  of  velocity.  The  width 
of  these  holes  is  proportional  to  the  natural 
width  of  the  absorbing  transition  so  that  when 
the  absorption  is  away  from  the  central  peak 
the  two  populations  act  almost  independently. 

As  the  laser  frequency  is  tuned  to  the  absorption 
line  center,  however,  the  same  molecules  inter¬ 
act  with  both  running  waves  and  saturation 
occurs.  This  leads  to  an  increased  power  output 
at  frequency  fQ  .  The  emission  peak  at  fc 
has  a  characteristic  width  y  where  l/y 
may  be  the  collision  induced  lifetime,  the  natu¬ 
ral  lifetime,  or  the  transit  time  of  the  molecule 
across  the  laser  beam,  whichever  is  the  shortest 
characteristic  t'.me.  The  output  intensity  is 
I  =  I0C 1  +£(f  -  f0,y)3  where  £  is  a 
Lorentzian  function  and  f  -  fG  is  the  frequency 
measured  from  line  center.  Fig.  2  shows  the 
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power  versus  frequency  curve  for  saturated 
absorption  of  methane  at  3.  39fj.  The  absorption 
is  that  of  a  single  transition  which  is  the  P7  line 
of  the  vibration  band  in  methane.  The 

laser  transition  has  been  pressure  shifted  to 
higher  frequency  by  approximately  100  MHz  to 
make  the  centers  of  the  P7  transition  and  the 
3.39fi  Ne  transition  coincide.  The  line  width  is 
approximately  200  KHz.  The  broadening  of  this 
line  has  been  studied  extensively  in  both  pure 
CHq  and  in  CH^  wi'Ji  the  rare  gases  as  buffers. 
The  width  of  the  absorption  in  pure  methane  as  a 
function  of  pressure  is  approximately  10  KHz 
per  micron.  By  using  special  "frequency  offset 
locking"  described  by  Barger  and  Hall,^  pres¬ 
sure  shift  of  the  methane  transition  can  be  inves¬ 
tigated.  This  shift  is  anomalously  small  for 
reasons  which  are  not  clearly  understood  at  this 
time.  The  shift  as  a  function  of  pressure  is 
given  by  Barger  and  Hall^  as  75  ±  150  Hz  per 
micron.  Two  independent  methane  stabilized 
lasers  have  been  investigated  and  a  stability  plot 
of  the  difference  frequency  between  the  two 
lasers  as  a  function  o  time  is  shown  in  Fig.  3. 
Recent  improvements  on  this  stability  have  been 
made  and  will  be  reported  elsewhere.  More 
recent  stability  measurements  show  that  the 
methane  stabilized  laser  may  be  competitive 
with  the  hydrogen  maser. 

Other  experiments  dealing  with  the  satu¬ 
rated  absorption  of  I2  at  b33  nm  and  the  satu¬ 
rated  absorption  of  SF ^  at  10.  Oft  have  been 
reported.  8,  1 1  The  power  tuning  curve  for 
saturated  absorption  of  I2  is  shown  in  t  ig.  4. 

The  lower  trace  in  the  figure  is  the  derivative  of 
the  power  curve  which  has  an  approximate 
Lorentzian  shape.  The  several  absorptions 
seen  are  due  to  the  hyperfine  structure  in  I2. 

Fig.  5  shows  the  absorption  of  SF^  from  the 
P18  line  of  the  CO2  laser.  ^  Because  of  the 
very  high  power  output,  the  absorption  can  be 
seen  with  a  cell  outside  the  laser  cavity  in  which 
the  radiation  is  double -passed  to  achieve  a 
standing  wave  pattern. 

Frequency  Synthesis 

Table  1  shows  the  frequencies  involved  in 
attempting  to  establish  a  frequency  locked  chain 
from  a  stabilized  klystron  to  the  near  infrared. 
The  initial  measurements  in  this  chain  were 
accomplished  by  Hocker  et  al^  who  mixed  the 
12th  harmonic  of  a  74  GHz  klystron  with  the 
337ft  HCN  laser.  The  next  3tep  in  the  chain  has 
been  accomplished  by  Evenson  et  al^  in  mixing 
the  12th  harmonic  of  337ft  with  the  27g  water 
vapor  laser.  The  most  recent  accomplishment 


has  been  to  mix  the  3rd  harmonic  of  27fi  with  the 
9.  3ft  transition  in  CO2  by  Daneu  et  al^  and  the 
mixing  of  the  3rd  harmonic  of  27fl  minus  the  1st 
harmonic  of  78fl  to  measure  both  the  PI  8  and 
P20  transitions  of  CO2  laser  by  Evenson  et  al.  ^ 
All  of  these  measurements  have  been  accom¬ 
plished  by  using  a  cat  whisker  diode  detector. 
Fig.  6  shows  an  exploded  view  of  the  cat  whisker 
which  is  usually  made  out  of  tungsten  and  is 
pointed  by  chemical  etching  techniques.  The 
post  which  makes  contact  with  the  whisker  can 
be  either  silicon  as  was  the  case  for  the  first 
experiments  by  Hocker  et  al,  ^  or  can  be  some 
form  of  metal  post  as  is  the  case  for  the  more 
recent  experiments.  ^  The  whisker  acts  as 
a  long  wave  antenna  as  has  been  shown  by 
Matarrese  and  Evenson.  ^  Number  of  lobes  of 
the  antenna  pattern  is  proportional  to  the  length 
of  the  whisker  divided  by  the  wavelength  of  the 
radiation.  Fig.  7  displays  this  pattern  for 
L  =  7  X  . 

Attempts  are  currently  being  made  to  mix 
the  8th  harmonic  of  the  27ft  vapor  laser  with 
the  3.  39ft  lle-Ne  laser.  If  this  step  can  be 
accomplished,  a  frequency  locked  chain  from  the 
time  standard  to  3.  39f 1  can  be  established  and 
the  stability  of  the  saturated  absorption  at  3.39ft 
strongly  suggests  that  this  transition  could  be 
used  as  a  new  primary  length  standard.  This 
being  the  case,  the  length  standard  and  the  time 
standard  could  be  compared  directly.  If  the 
primary  length  and  time  standard  could  be 
derived  from  the  same  atomic  or  molecular 
transition,  the  speed-of -light  would  become  a 
defined  quantity  and  length  measurement  could 
bo  derived  from  frequency  measurements. 
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AUTOMATIC  FREQUENCY  CONTROL  AND  PHASELOCKING  OF  LASERS 
V.  J.  Corcoran,  R.  E.  Cupp  and  J.  J.  Gallagher 

Martin  Marietta  Corporation 
Orlando,  Florida 


Summary 

The  automatic  frequency  control  and  phas-i- 
lockmg  of  the  890  Hz  laser  line  of  HCN  to  a 
multiplied  frequency  standard  have  been  accom¬ 
plished  with  a  piezoelectric  translator  or  a 
current  qontrol  circuit  as  the  control  elements 
in  a  feedback  loop.  With  a  w  ie  bandwidth  phase- 
lock  loop,  line  narrowing  has  been  accomplished. 

Long  term  stability  of  the  beat  of  parts  in  1012 
and  short  time  stability  of  parts  in  1011  have 
been  achieved. 

Introduction 

Frequency  measurement  of  laser  radiation  in 
the  submillimeter  region  has  been  accomplished 
by  mixing  laser  outputs  with  harmonics  of  klystron 
outputs  in  point  contact  devices, l"6  or  by  mixing 
laser  outputs  with  fundamentals  or  harmonics  of 
known  laser  signals  plus  klystron  signals.7-8  If 
the  reference  in  these  experiments  is  stable,  then 
the  beat  between  the  laser  frequency  and  the  multi¬ 
plied  standard  frequency  can  be  stabilized  to  the 
standard.  Stabilization  is  accomplished  by  feed¬ 
back  of  a  control  signal  that  is  generated  as  the 
laser  drifts. 

Automatic  frequency  control  and  narrow  band¬ 
width  phaselccking  of  a  submillimeter  laser  have 
been  accomplished  using  a  piezoelectric  translator 
or  a  current  controller  as  the  elements  to  control 
the  laser  frequency.8-10  In  these  experiments,  a 
significant  improvement  in  the  long  term  stability 
of  the  beat  between  the  laser  and  the  multiplied 
standard  frequency  was  observed;  however,  no  signi¬ 
ficant  change  in  the  linewidth  was  observed.  With 
c  wideband  phaselock  loop  using  a  qurrent  controller 
line  narrowing  has  been  observed,  indicating  an  im¬ 
provement  in  the  short  term  as  well  as  the  long  term 
stability  of  the  laser  beat. 

The  experiments  to  achieve  AFC  and  phaselocking 
are  described  in  this  paper.  Also  the  results  achieved 
on  stability  of  the  laser  beat  for  the  wideband  phase 
locked  laser  are  given. 

General  Stabilization  Techniques 

Before  active  stabilization  can  be  achieved  the 
signal-to-noise  ratio  of  the  IF  beat  between  the 
millimeter  harmonic  and  the  laser  must  bo  sufficient 
'typically  10),  and  the  frequency  drift  of  the  laser 
must  be  reduced  to  the  point  where  the  signal  can  be 
captured  by  tho  controlling  equipment  and  held  once 
control  has  been  established.  After  tho  laser  is 
passively  stabilized  and  the  signal-to-noise  ratio 
is  improved  the  IF  boat  is  typically  2-10  kHz  for  the 
890  GHz  line  of  the  HCN  laser.  The  display  of  this 
beat  on  a  spectrum  analyzer  is  shown  in  Figure  1. 

This  signal  drifts  slowly  unless  sudden  perturbations 
occ  r  in  the  system. 


The  automatic  frequency  control  or  phase¬ 
locking  of  this  signal  to  a  standard  frequency 
can  be  accomplished  with  the  aid  of  any  device 
that  can  be  used  to  vary  the  laser  frequency. 

Two  techniques  that  have  been  used  employ  a  piezo¬ 
electric  translator  or  a  current  controller,  when 
one  of  the  mirrors  is  attached  to  the  piezoelectric 
tran  lator,  then  a  correction  voltage  can  be  used 
to  change  the  length  of  the  cavity  which,  in  turn, 
changes  the  frequency  of  the  oscillator.  If  a  cur¬ 
rent  controller  is  added  to  the  laser  power  sup¬ 
ply,  then  a  correction  current  can  be  used  to 
chanqe  the  refractive  index  of  the  plasma  which 
results  in  a  frequency  change.  These  techniques 
for  the  phaselock  case  are  illustrated  in  Figure 
2.  For  the  case  for  the  piezoelectric  translator, 
the  beat  between  the  laser  and  the  multiplied 
frequency  standard  is  amplified  and  compared  to 
a  reference  in  a  phase  detector.  Tho  output  of 
tho  phase  detector  is  amplified  and  filtered. 

.■/hen  the  beat  frequency  is  not  in  phase  with  the 
reference  signal,  then  a  correction  voltage  is 
fed  to  the  piezoelectric  translator  to  set  the 
laser  beat  ir.  phase  with  the  reference.  For  the 
current  controller,  the  filtered  output  from  the 
phase  detector  goes  to  the  current  controller 
which  is  connected  to  the  laser  power  supply  so 
that  any  change  in  the  phase  detector  output 
changes  the  current,  which  changes  the  frequency. 
For  the  automatic  frequency  control  problem,  the 
phase  detector  is  replaced  with  a  frequency  dis¬ 
criminator  and  no  reference  frequency  is  used. 

Stabilizaton  Devices 

Initial  experiments  in  AFCing  and  phase¬ 
locking  the  HCN  laser  to  a  standard  frequency  used 
a  piezoelectric  translator  on  which  the  outout 
mirror  of  the  laser  resonator  was  mounted.  The 
displacement  of  the  mirror  needed  to  achieve  the 
desired  range  of  frequency  variation  dictated  the 
use  of  high  sensitivity  devices.  These  high 
sensitivity  devices  were  constructed  of  multiple 
ceramic  rings  that  were  mechanically  in  series 
and  electrically  in  parallel  ir  a  single  ceramic 
tube  with  the  leads  on  the  inner  and  outer  wall. 
Each  configuration  resulted  in  a  large  capaci¬ 
tance  for  the  device  which  reduced  the  theoreti¬ 
cal  resonant  frequency  and  bandwidth  of  the 
device.  Furthermore,  these  devices  had  un¬ 
wanted  mechanical  resonances  without  electrical 
resonance  below  the  theoretical  resonant  fre- 
juency  of  the  device. 

These  factors  led  to  a  consideration  of  fre¬ 
quency  control  via  the  power  supply  current.  The 
first  device  used  a  transistor  in  series  with  the 
laser  tube  and  power  supply.  In  this  circuit  any 
increase  in  current  would  produce  a  larger  voltage 
drop  across  the  unbypassed  emitter  resistor  which 
would  reduce  the  current  through  the  transistor, 
thereby  effecting  the  control.  Because  of  the 
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lack  of  range  of  the  transistor  circuit,  a  vacuum 
tube  circuit  was  used  in  the  wideband  loop  which 
was  needed  to  achieve  a  line  narrowed  phaselock 
system.  The  open  loop  bandwidth  of  the  system 
under  AFC  conditions  was  greater  than  30  kHz  using 
the  current  controllers;  whereas  the  bandwidth  was 
approximately  1  kHz  when  the  piezoelectric  trans¬ 
lators  were  used. 

Automatic  Frequency  Control 

The  AFC  of  the  HCN  laser  has  been  performed  by 
beating  the  laser  output  (f0=  890,758.368  MHz)  with 
the  12th  harmonic  of  an  OKI  70  V10  klystron,  oscil¬ 
lating  at  74,234.864  MHz,  to  produce  a  60  MHz  IF 
signal.  The  74  GHz  oscillator  is  phaselocked  to  a 
harmonic  of  an  X-band  klystron  which,  in  turn,  is 
phaselocked  to  the  harmonic  of  a  102  MHz  crystal 
controlled  oscillator.  For  accurate  frequency 
measurements,  the  crystal  controlled  oscillator  is 
monitored  by  a  General  Technology  Model  304B  Rubi¬ 
dium  Frequency  Standard,  or  it  could  be  locked 
directly  to  the  standard. 

The  60  MHz  beat  signal  between  laser  and  kly¬ 
stron  harmonic  is  amplified  and  a  discriminator 
response  is  produced  in  a  Micro-Now  Model  201  Fre¬ 
quency  Stabilizer.  The  output  signal  is  amplified 
in  a  dc  amplifier  and  applied  to  a  piezoelectric 
element  controlling  the  position  of  one  of  the 
laser  mirrors.  A  Brewster  angle  window  is  con¬ 
structed  from  polypropylene,  and  the  output  mirror, 
which  is  mounted  on  the  piezoelectric  element,  is 
at  atmospheric  pressure.  Under  AFC  a  significant 
cha  -  in  the  characteristics  of  the  60  MHz  beat  is 
observed  on  a  spectrum  analyzer.  Vibrational  effects, 
which  are  evident  in  the  unlocked  free-running  opera¬ 
tion,  are  no  longer  present  in  the  AFC  mode.  By 
tuning  the  microwave  harmonic  by  varying  the  phase- 
lock  reference,  it  is  possible  to  tune  the  laser 
frequency.  A  variation  of  the  harmonic  ot  the  fre¬ 
quency  standard  shows  no  variation  m  the  frequency 
of  the  IF,  indicating  that  the  laser  is  following 
the  microwave  signal  when  AFC  is  employed.  No 
significant  change  is  observed  in  the  linewidth, 
which  is  on  the  order  of  5  kHz  when  locked  or  un¬ 
locked.  however,  the  signal  remains  well  within 
the  5  kHz  range  for  periods  of  several  hours.  This 
corresponds  to  a  stability  on  the  order  of  5  parts 
in  10 9  for  this  period. 

because  of  the  complications  due  to  mechanical 
resonances  and  high  voltages  associated  with  the 
piezoelectric  control,  a  current  controller  in  series 
with  the  laser  power  supply  was  used  to  replace  the 
piezoelectric  translator  as  a  frequency  control, 
with  the  AFC  using  the  current  controller  the  output 
characteristics  of  the  laser  were  essentially  as 
before. 

Phase  Lock 

Narrowband  phaselocking  has  been  accomplished 
with  a  piezoelectric  translator  as  a  control  element 
or  with  a  current  control  element  in  series  with  the 
laser  power  supply. 

As  in  the  AFC  case,  a  significant  change  in  the 
characteristics  of  the  beat  is  observed  on  a  spectrum 


analyzer.  Vibrational  effects,  which  are  evident 
in  the  unlocked  free-running  operation,  are  no 
longer  present  when  the  laser  is  phaselocked. 

When  tuning  the  microwave  harmonic  by  varying  the 
X-band  phaselock  reference,  it  is  possible  to 
tune  the  laser  frequency.  A  variation  of  the  har¬ 
monic  of  the  frequency  standard  by  as  much  as  20 
kHz  shows  no  variation  in  the  frequency  of  the  IF, 
indicating  that  the  laser  is  following  the  micro- 
wave  signal  when  phaselocking  is  employed.  No 
significant  change  is  observed  in  the  linewidth, 
which  is  on  the  order  of  2  kHz  when  locked  or  un¬ 
locked.  However,  the  signal  remains  well  within 
the  2  kHz  range  for  long  periods  of  time. 

With  a  narrowband  phaselock  the  beat  and 
reference  remain  in  phase  only  on  a  long  term 
average  basis,  and  during  rapid  fluctuations  of 
the  beat  frequency  the  system  skips  cycles.  The 
narrowband  loop,  however,  does  not  respond  to 
these  rapid  variations.  As  a  result  the  lor.j 
term  stability  is  improved,  but  the  short  term 
stability  is  not.  In  order  to  improve  the  short 
term  stability  and  the  linewidth,  a  wideband 
phaselock  that  will  follow  rapid  variations  of 
frequency  is  necessary. 

Wideband  phaselock  with  a  consequent  line 
narrowing  has  been  achieved  with  the  setup  dia¬ 
grammed  in  Figure  3.  The  HCN  laser  output  at 
890,760.238  MHz  is  mixed  with  the  12th  harmonic 
of  a  phaselocked  OKI  70  Vll  klystron  operating  at 
74,232.520  MHz  in  a  point  contact  device.  The 
klystron  is  referenced  to  a  120  MHz  crystal.  The 
difference  frequency  is  sent  to  a  Schomandl  FDS  30 
phaselock.  The  output  of  the  phaselock  goes  to  a 
DC  amplifier,  then  to  a  current  controller  which  is 
is  in  series  with  the  laser  power  supply.  The 
current  controller  has  an  open  loop  bandwidth  of 
more  than  30  kHz  under  AFC  conditions.  As  a  re¬ 
sult  any  change  in  the  laser  frequency  relative 
to  the  microwave  harmonics  is  compensated  by  a 
change  in  the  laser  current,  which  controls  the 
laser  frequency. 

The  effect  of  a  wideband  phaselock  on  the 
beat  frequency  is  shown  in  Figure  4.  The  un¬ 
locked  beat  between  the  HCN  laser  and  the  multi¬ 
plied  signal  shown  in  Figure  4  is  approximately 
5  kHz  wide.  When  the  laser  is  phaselocked,  the 
beat  narrows  to  the  50  Hz  limit  of  resolution  of 
the  HP8553L  spectrum  analyzer  as  seen  in  Figure 
4. 

The  long  and  short  term  stability  of  the  de¬ 
vice  cai  be  obtained  by  measuring  the  fractional 
frequency  fluctuations  as  a  function  of  averaging 
time  as  '  ,,wn  in  Figure  5.  For  long  term  averages 
the  data  .oints  are  noncontiguous  100  pair  aver¬ 
ages  because  of  the  fact  that  equipment  variations 
tend  to  cause  the  device  to  intermittently  drop 
out  of  lock.  The  short  term  (.1  sec  averaging 
time)  stability  is  seen  to  be  approxiamtely  1  part 
in  10l*  and  the  long  term  (10  sec  averaging  time) 
stability  is  approximately  2  parts  in  1012. 

Discussion 

Further  improvement  in  the  phaselock  is 
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necessary  so  that  contiguous  long  term  pair  averages 
can  be  obtained.  Also  the  stabilization  is  of  the 
beat  between  the  multiplied  standard  and  the  laser. 
The  multiplied  standard  is  known  only  by  the  beat 
between  it  and  the  free  running  laser  to  be  from 
2  to  10  kHz.  To  determine  the  width  of  the  laser 
two  phaselocked  lasers  must  be  beat  together. 

The  stabilization  of  a  laser  to  a  standard 
frequency  is  significantly  different  from  techniques 
that  have  been  used  to  stabilize  lasers.  With  the 
method  used  here,  the  reference  is  an  absolute 
standard,  not  another  unstable  device;  and  no  fre¬ 
quency  modulation  of  the  laser  is  used  so  that  the 
signal  is  a  narrow  bandwidth  signal  with  good  long 
and  short  term  stability. 

This  technique  of  phaselocking  a  laser  to  an 
absolute  standard  can  be  extended  to  any  laser 
whose  frequency  can  be  measured  by  the  techniques 
first  used  by  Frenkel  and  his  collaborators*  and 
can  be  expected  to  be  extended  at  least  to  the  CO2 
laser  lines  in  the  future. 

Absolute  frequency  measurement  and  control 
are  expected  to  have  applications  where  precise, 
stable  sources  are  useful.  The  fact  that  the  fre¬ 
quency  of  a  laser  can  be  measured  accurately  means 
that  a  velocity  of  light  measurement  limited  only 
by  the  wavelength  measurement  can  be  made.  The 
availability  of  precisely  known  frequencies  in  the 
optical  region  will  result  in  accurate  spectro¬ 
scopic  measurements  on  molecules  that  should  aid 
in  the  understanding  of  the  molecule  structure.  A 
knowledge  of  the  frequency  of  optical  sources  that 
are  stablized  will  result  in  a  variety  of  metrology 
applications  where  high  accuracy  is  desirable. 
Finally,  as  the  optical  communications  techniques 
are  developed,  the  laser  stabilized  to  an  absolute 
standard  can  be  expected  to  be  used  as  a  reference 
in  communication  links  as  in  satellite  communica¬ 
tion  and  as  a  transmitting  source  itself. 
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Illustrations 


1.  Spectrum  Analyzer  Display  of  Deat  Between  Laser 
and  Multiplied  Frequency  Standard.  Scan  Width 

40  kllz/cm;  Bandwidth  30  kHz;  Scan  Time  10  m  sec/cm. 

2.  Block  Diagram  of  General  Method  for  Phasolocking 
a  Submillimeter  Laser  Signal  to  an  Absolute 
Standard. 

3.  Wide  Bandwidth  Phaselock  Loop  Used  to  Stabilize 
890  GHz  HCN  Laser  Line. 

4.  Spectrum  Analyzer  Display  of  Beat  Bofoie  and  After 
Phaselock. 

5.  Fractional  Frequency  Fluctuations  as  a  Function  of 
Averaging  Time  for  Noncontiguous  100  Pair  Averages. 
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Abstract 

A  primary  frequency  standard  is  based 
ultimately  on  some  fundamental  property  of 
nature.  The  actual  realization  of  an  output  fre¬ 
quency  involves  several  steps  of  physical  and 
technical  processing.  Any  of  these  steps  may 
cause  a  shift  of  the  output  frequency  of  the  stand¬ 
ard  which  can  be  measured  or  calculated  or  both. 
The  resulting  corrections  are  called  the  biases, 
and  each  one  has  associated  with  it  some  uncer¬ 
tainty.  The  combined  uncertainty  of  all  biases  is 
referred  to  as  the  accuracy  capability  of  the  fre¬ 
quency  standard.  In  this  paper  possibilities  are 
discussed  which  may  lead  to  the  development  of 
future  primary  frequency  standards  of  superior 
accuracy  capability.  As  the  reference  in  per¬ 
formance  today's  most  advanced  primary 
frequency  standard,  the  laboratory  type  cesium 
beam  tube,  is  used.  Aspects  of  costs  and  field- 
usage  are  totally  neglected. 

A  review  is  given  of  the  various  methods 
and  techniques  which  are  currently  employed  in 
quantum  electronic  frequency  standards  or  which 
have  a  potential  usefulness.  Various  effects 
which  influence  the  output  frequency  of  a  primary 
standard  are  associated  with  these  methods.  A 
classification  is  given: 

(a)  Effects  associated  with  the 
interrogation  of  particles  (atoms 
or  molecules) 

(b)  Effects  related  to  the  method  of 
confining  the  particles 

(c)  Effects  associated  with  the  particles 
themselves  and  the  way  in  which  they 
are  treated  for  an  effective  inter¬ 
rogation  by  electromagnetic  radiation. 

These  three  classes  of  effects  are  discussed  in 
detail,  and  expectation  values  for  the  related 
uncertainties  are  given.  For  selected  particles 
certain  methods  of  interrogation,  confinement, 
and  particle  preparation  can  be  combined  such  as 
to  minimize  the  net  uncertainty  due  to  all  appli¬ 
cable  effects.  Different  technical  solutions  are 
the  result.  A  review  of  existing  and  proposed 
devices  is  given,  including  quantitative  data  on 
the  stability  and  accuracy  capability. 


Aspects  of  the  most  promising  devices  are 
discussed,  and  it  is  concluded  that  accuracy 
capabilities  of  10*14  should  be  within  reach  of 
today' 8  research  and  development. 

Introduction 

A  primary  frequency  standard  is  based 
ultimately  on  some  fundamental  property  of  nature. 
The  actual  realization  of  an  output  frequency  in¬ 
volves  several  steps  of  physical  and  technical  proc¬ 
essing.  Each  of  these  steps  may  cause  a  more  or 
less  pronounced  shift  of  the  output  frequency  of 
the  standard.  The  magnitude  of  each  shift  must 
be  evaluated  theoretically  and  experimentally. 

The  resulting  corrections  are  called  the  biases; 
however,  they  are  never  known  exactly  but  have 
associated  with  them  uncertainties.  The  magni¬ 
tudes  of  these  uncertainties  depend  on  the  degree 
of  theoretical  understanding,  on  experimental 
parameters,  and  on  their  measurability.  The 
combined  uncertainty  of  all  biases  is  referred  to 
as  the  accuracy  capability  of  the  frequency  stand¬ 
ard. 

At  present  the  standard  with  the  highest 
accuracy  capability  is  the  cesium  atomic  beam 
tube.  This  fact  is  reflected  in  the  agreement  at 
the  13th  General  Conference  on  Weights  and 
Measures  (1967)  to  define  the  second  as  the  dura¬ 
tion  of  9192  631  770  cycles  of  the  unperturbed 
radiation  of  the  Cs^  hyperfine  transition 
(F  =  4,  rrip  =  0)  —  (F  =  3,  nip  =  0).  The  cesium 
beam  tube,  although  it  still  can  be  improved,  is 
already  at  a  very  advanced  stage  of  technical 
development.  An  accuracy  capability  of  the  order 
of  parts  in  1013  is  now  a  reality  which  is  achieved 
in  several  laboratories  around  the  world. 

However,  a  natural  demand  exists  for  an  even 
more  accurate  definition,  and  frequency  standards 
of  extreme  precision  are  being  needed  in  various 
technical  applications.  New  aspects  of  scientific, 
technical,  and  metrological  importance  have 
evolved  because  of  recent  successes  in  multipli¬ 
cation  of  frequencies  into  the  infrared  region  of 
the  electromagnetic  spectrum, 1°  A  substitution 
of  conventional  length  (wavelength)  m<.„surement8 
by  much  more  precise  and  accurate  frequency 
measurements  will  soon  be  possible  and  may 
ultimately  lead  to  a  unified  (frequency)  standard 
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for  frequency,  time,  and  length  with  the  speed  of 
light  being  a  defined  constant.  We  may  look  even 
further  ahead  to  the  possibility  that  other  basic 
physical  quantities,  e.g. ,  the  volt  via  the 
Josephson  effect,  will  be  based  on  the  same  (fre¬ 
quency)  standard.  This  illustrates  the  far 
reaching  importance  which  we  have  to  attribute 
to  the  development  of  primary  frequency  stand¬ 
ards. 

In  the  following  we  will  compare  and 
discuss  possibilities  in  methods  and  techniques 
which  are  at  our  disposal  for  pushing  the  frac¬ 
tional  frequency  accuracy  capability  beyond  10"13. 
This  will  be  done  in  a  way  which  differs  somewhat 
from  the  usual  approach  of  comparing  different 
existing  devices,  11  Instead  we  will  compare  the 
methods  and  techniques  used  in  quantum  elec¬ 
tronic  frequency  standards,  and  we  will  try  to 
synthesize  from  these  an  optimized  device.  As 
the  criterion  for  excellence  in  this  comparison  it 
appears  best  tq  choose  accuracy  capability  as  the 
prime  topic  in  our  discussions.  The  influences 
affecting  the  frequency  of  a  quantum  electronic 
frequency  standard  can  be  grouped  into  three 
classes:  (1)  Effects  associated  with  the  inter¬ 
rogation  of  the  atoms  or  molecules,  (2)  effects 
related  to  the  method  of  confining  the  particles, 
and  finally  (3)  effects  associated  with  the  particles 
themselves  and  with  the  way  in  which  they  are 
treated  for  an  effective  interrogation  by  electro¬ 
magnetic  fields. 

We  will  discuss  these  three  groups 
successively  in  more  detail.  Since  we  are  aiming 
for  accuracies  of  better  than  the  present  state-of- 
the-art  (parts-in  1013)  we  will  discard  as  unim¬ 
portant  only  those  effects  which  lend  to  fractional 
uncertainties  of  less  than  10'14.  At  this  point  it 
should  be  emphasized  that  the  following  discussion 
is  based  on  our  present  state  of  knowledge.  There 
might  well  be  other  methods  and  techniques  which 
could  be  used,  and  there  might  be  additional 
sources  of  uncertainty  of  which  we  are  not  yet 
aware. 


These  slave  oscillators  may  be  quartz  crystals, 
klystrons,  lasers,  or  any  other  suitable  devices. 
They  must  be  locked  in  frequency  or  in  phase  to 
the  "clock"  transition.  This  can  be  accomplished 
by  four  distinctly  different  methods:  The  active 
maser  oscillator,  12_1-1  whereby  its  output  fre¬ 
quency  is  compared  to  a  synthesized  frequency 
derived  from  the  slave  oscillator;  the  absorp¬ 
tion1  ‘18  or  amplification12  of  an  electromagnetic 
frequency  by  the  atomic  or  molecular  transition; 
the  detection  and  counting  of  the  number  of  parti¬ 
cles  having  undergone  a  transition  caused  by  a 
signal  which  is  derived  from  the  slave  oscilla¬ 
tor;1,  1^>  211  and  finally  the  observation  of  transi¬ 
tions  by  their  effect  on  other  transitions  of 
different  frequencies  to  which  the  "clock"  transi¬ 
tion  is  coupled2  1  (frequency  transformation).  In 
the  first  column  of  Table  1  the  different  interro¬ 
gation  methods  are  summarized.  The  second 
column  lists  various  effects  which  give  rise  to 
bias  uncertainties  and  which  are  associated  with 
one  or  more  of  the  methods  of  interrogation. 

The  fractional  frequency  stability22  of  a 
quantum  electronic  frequency  standard  may  con¬ 
veniently  be  written  as 


CTy 


K_  _l_ 

M  JT  ' 


(1) 


The  Symbols  in  (1)  have  the  following  meaning: 
r  is  the  measurement  interval;  M  is  a  basic 
figure  of  merit*  given  by 


M  s  /F  Tr  ’  (2) 


where  T_  3  relaxation  time,  and  n  3  flux  of 

r  q 

signal  particles.  The  constant  K  contains  the 
device  characteristics.  As  examples  we  have  for 
photon  detection  (with  hv  »  kT)  and  for  particle 
detection211,  22 


Discussion 


1.  Effects  on  Frequency:  Particle  Interrogation 

In  a  quantum  electronic  frequency  standard 
we  are  not  only  concerned  with  the  actual  quantum 
transition  of  the  particles  involved  but  also  with 
the  production  of  an  output  signal.  In  general  two 
different  tasks  are  to  be  accomplished:  (a)  The 
generation  of  a  signal  which  is  to  be  compared 
with  the  actual  "clock"  transition,  and  (b)  the  gen¬ 
eration  of  a  useful  standard  frequency  output.  It  is 
obvious  that  at  least  one  oscillator--in  general, 
more  than  one--is  necessary  for  these  tasks. 


K 


passive 


1 

25Tf 


(3) 


12  22 

and  for  an  active  oscillator  (with  hv<<kT)  ’ 
we  have 


active 


’•'This  M  differs  from  traditional  figures  of  merit 
found  in  the  literature. 


(4) 
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Table  1 


Effects  on  Frequency:  Particle  Interrogation 


Methods 

Effects 

Active: 

Self-Oscillation 

Noise  in: 

Passive: 

Absorption  or  Amplification 

Detector 

of  Radiation 

Receiver 

Particle  Detection 

Resonance  Structure 

Frequency  Transformation 

Multiplier  and  Synthesizer 
Quantum  Transition 

Slave  Oscillator  Fluctuations 
Spectrum  Asymmetry 

Cavity  Pulling 

Interrogating  Radiation 

From  these  equations  we  see  that  the  flux  of 
signal  atoms  and  the  relaxation  time  which  make 
up  our  basic  figure  of  merit  M  are  not  the  only 
important  parameters  in  determining  frequency 
stability.  The  principle  which  is  used  in  the 
interrogation  of  the  particles  is  also  important, 
and  is  reflected  in  the  value  of  K.  For  example 
a  device  (with  the  same  M  for  each  version)  will 
have  a  better  noise  performance  when  passive 
particle  detection  or  optical  photon  detection  is 
used  as  compared  to  using  the  mode  of  operation 
as  an  active  quantum  electronic  oscillator. 23 
This  can  be  seen  by  comparing  (3)  and  (4).  Also, 
additive  thermal  noise  at  any  reasonable  particle 
or  photon  intensity  is  negligible,  and  excess  noise 
contributions  of  particle  or  photon  detectors  are 
typically  very  low.  Thus  shot  noise  of  the  in¬ 
coming  particles  is  usually  the  only  limitation. 

In  contrast  we  almost  always  will  encounter 
additional  noise  in  an  active  (maser)  oscillator 
because  of  performance  limitations  in  its  micro- 
wave  receiver. 

Another  potential  noise  source  is  the 
frequency  multiplier  and  synthesis  chain  connect¬ 
ing  the  slave  oscillator  to  the  "clock"  transition. 
The  current  state-of-the-art  is  such  that  this 
noise  contribution  is  negligible  compared  to  the 
noise  due  to  the  slave  oscillator. 2"*  Noise  can 
also  be  associated  with  the  quantum  transition 
itself,  i.e. ,  in  the  form  of  spontaneous  emission. 
Such  effects  will  become  more  serious  at  higher 
(optical)  frequencies  because  the  probability  for 
spontaneous  transitions  increases  as  the  cube  of 
the  transition  frequency. 

The  short-term  stability  of  the  slave 
oscillator  is  of  equal  importance  for  all  methods 
because  its  performance  determines  the  stability 
of  the  whole  standard  at  short  averaging  times. 22 
The  only  remedy  is  the  development  of  good  slave 
oscillators. 


The  next  item  in  the  second  column  of 
Table  1  is  cavity  pulling,  which  may  be  written 
ns  12,25 


Av  b  GAP  (5) 

c 

where  Avc  and  Av  are  the  offsets  of  the  cavity 
and  the  output  frequencies  respectively.  For  an 
active  oscillator  the  parameter  G  is  approximate¬ 
ly  the  ratio  of  the  widths  of  clock  transition  and 
cavity  resonance,  12  for  passive  methods  (suffi¬ 
ciently  far  from  self-oscillation)  G  is  approxi¬ 
mately  the  square  of  this  ratio.  2^  Thus  an  active 
oscillator  is  inherently  more  affected  by  cavity 
pulling  than  a  passive  device.  Moreover  a  sharp 
cavity  resonance,  i.e.,  a  larger  G,  is  a  prerequi¬ 
site  for  an  active  oscillator l2  whereas  a  broad 
cavity  resonance  or--at  least  in  principle--no 
resonance  structure  at  all,  i.e.  ,  G  =  0,  can  be 
used  with  passive  methods.  Cavity  pulling  is 
therefore  only  of  concern  to  active  oscillators. 

Spectral  asymmetry  of  the  interrogating 
signal  is  of  concern  for  all  passive  devices.2^  26 
It  can  be  reduced  to  unimportance  by  adequate  care 
in  the  electronics.  Also  the  choice  of  a  low  frequency 
transition  might  be  helpful.  In  active  devices  this 
problem  is  practically  non-existent. 

The  last  item  in  Table  1  is  the  effect  caused 
by  the  interrogating  signal  itself.  We  will  not 
encounter  serious  limitations  until  the  photon 
energy  of  the  interrogating  radiation  becomes  large 
enough  to  cause  new  phenomena  like,  for  example, 
recoil  processes.  They  are  discussed  in  more 
detail  later  in  this  paper  under  Conclusions. 
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We  summarize:  A  passive  method  is  to  be 
preferred  over  an  active  oscillator.  In  addition 
a  passive  method  offers  more  flexibility  and  free¬ 
dom  for  evaluating  bias  corrections  and  accuracy 
limitations,  because  a  passive  technique  is  not 
tied  to  meet  an  oscillation  threshold  condition. 

A  low  frequency  (microwave)  transition  eliminates 
some  of  the  problems;  however,  higher  frequen¬ 
cies  (infrared)  may  be  used  if  technical  problems 
associated  with  the  multiplication  process*  can  be 
adequately  solved.  Very  high  frequencies  (optical) 
should  not  be  considered  because  of  effects  asso¬ 
ciated  with  photons  of  higher  energy. 


Effects  on  Frequency:  Particle  Confinement 


A  quantum  electronic  frequency  standards 
is  based  ideally  on  the  quantum  transition  of  a  par¬ 
ticle  (atom  or  molecule)  which  is  in  an  unperturbed 
state  and  is  interrogated  for  an  indefinite  period  of 
time. 

In  principle  this  may  be  achieved  by 
confining  an  ensemble  of  particles  to  that  region 
of  space  which  is  filled  with  the  interrogating 
radiation  and  to  accomplish  this  confinement  in 
such  a  manner  as  to  minimize  the  perturbation  of 
the  individual  particles.  In  reality  it  appears 
possible  to  realize  the  ideal  of  a  free  particle  to 
a  very  good  approximation;  however,  it  is  at  the 
expense  of  interrogation  time,  and  vice  versa. 

Various  methods  of  confinement  are  at  our 
disposal.  We  may  use  a  beam  of  free  particles 
traveling  in  vacuum  through  the  region  of  space 
where  interrogation  takes  place,  18,  19  \ye  may 
store  the  particles  in  the  region  of  interrogation 
at  low  particle  densities  by  using  storage  vessels. 
The  storage  vessel  has  to  be  coated^V.Zo  or  f,uet| 
with  a  buffer  gas1^^  in  order  to  reduce  the 
interaction  between  the  particles  and  the  wall  of 
the  storage  vessel  and  among  particles  them¬ 
selves.  Or  we  can  eliminate  physical  walls 
and  use  electric  or  magnetic  fields  for  confine¬ 
ment.^  Finally,  we  may  just  take  a  gas  at  a 
fairly  high  pressure  and  observe  absorption*^  IV 
of  the  interrogating  radiation.  A  summary  of 
these  methods  is  given  in  the  first  column  of 
Table  2.  Various  effects  (listed  in  the  second 
column  of  Table  2)  which  lead  to  bias  uncertainties 
are  introduced  by  the  confinement  of  particles. 

Several  effects  are  associated  with  the 
width  of  the  line  (line-Q)  such  as  short  term 
stability,  cavity  pulling,  and  the  performance  of 
the  servo  electronics.  A  high  line-Q  is  desirable 
but  not  essential  because  means  can  be  employed 
to  counter  the  effects  of  a  low  line-Q,  o.  g,  ,  one 
could  render  cavity  pulling  totally  unimportant, 
regardless  of  the  line-Q,  by  avoiding  a  resonance 
structure  (using  a  passive  method).  On  the  other 
hand  a  high  line-Q  can  be  obtained  with  relatively 


short  confinement  times  by  using  transitions  at 
high  frequencies.  For  achieving  a  long  duration 
of  confinement,  i.  e. ,  in  excess  of  one  second, 
storage  methods  offer  the  greatest  potential, 
especially  the  coated  vessel  or  the  usage  of  con¬ 
fining  fields  (ion  storage).  Collisions  between  the 
particles  which  lead  to  spin  exchange  and  shifts  of 
the  energy  levels  are  an  important  source  of 
uncertainty  in  techniques  using  comparatively  high 
particle  densities,  Dow  density  methods  like  the 
free  beam,  the  storage  in  a  coated  bulb,  or  the 
usage  of  confining  fields  can  be  designed  to  render 
thi6  effect  unimportant.  We  also  may  arrange  the 
interrogation  mode  in  such  a  way  as  not  to  look  at 
particles  which  have  experienced  a  collision,  e.  g., 
as  in  saturated  absorption.  *8  Wall  collisions  will 
introduce  uncertainties  wherever  physical  walls 
are  used  as  a  means  of  confinement.  Only  the 
free  beam  and  the  confinement  by  fields  are  not 
affected.**  However,  we  may  also  use  an  absorp¬ 
tion  cell  and  restrict  the  region  of  interrogation 
to  a  small  volume  within  the  cell,  *8  e>  (  by  using 
a  laser  beam  as  the  interrogating  radiation,  thus 
avoiding  wall  effects.  The  first  order  Doppler 
effect  appears  to  be  mainly  a  design  and  engineer¬ 
ing  problem  and  thus  of  no  real  consequence  for 
this  discussion.  We  may  assume  that  a  suitable 
approach  in  all  of  the  discussed  methods  will 
eliminate  first  order  Doppler  frequency  shifts  and 
line  broadening.  This  may  be  done  by  proper 
interrogation  (e.  g.  ,  saturated  absorption*^),  by 
storage  within  dimensions  less  than  one-half  of  a 
wavelength  of  the  interrogating  radiation, *4  or  by  a 
proper  mechanical  design  as  required  in  the  case  of 
a  free  beam  traveling  through  a  Ramsey  cavity.  *** 
The  second  order  Doppler  Bhift  is  of  a  more  funda¬ 
mental  nature.  It  can  be  regarded  as  the  problem 
to  know  with  adequate  precision  the  speed  or  temp¬ 
erature  of  the  particles.  This  is  difficult  in  the 
case  of  the  free  beam  and  is  a  severe  problem  in 
the  case  of  storage  in  electric  or  magnetic  fields, 
whereas  the  use  of  physical  containers  allows  an 
adequate  knowledge  of  the  temperature,  when  ther¬ 
mal  equilibrium  of  the  kinetic  energy  of  the  particle 
with  the  container  walls  can  be  established.  Cavity 
phase  shift  offsets  occur  in  the  case  of  the  free 
beam  traveling  through  a  cavity.  **^  For  all  other 
methods  it  is  of  no  concern. 


*We  may  assume  that  multiplication,  in  principle, 
is  possible. 

>M>For  the  case  of  a  magnetic  dipole  transition  this 
is  true  when  the  particles  (ions)  are  confined  by 
electric  fields. 


249 


Table  2 


Effects  on  Frequency:  Particle  Confinement 


Methods 

Effects 

Traveling  Free  Beam 

Line-Q 

Storage  in: 

Particle-Particle  Collisions 

Coated  Vessel 

Wall  Interaction 

Buffer  Gas 

1st  Order  Doppler 

Electric  or  Magnetic  Fields 

2nd  Order  Doppler 

Absorption  Cell 

Cavity  Phase  Shift 

We  summarize:  The  choice  of  a  high 
frequency  transition  is  to  be  preferred  because 
this  leads  to  a  reduction  of  the  fractional  impor¬ 
tance  of  most  effects;  the  Doppler  shifts,  of 
course,  are  excluded.  Thus  the  (second  order) 
Doppler  limitation  favors  the  storage  in  containers 
where  thermal  equilibrium  exists  between  the 
kinetic  energy  of  the  particles  and  the  walls  of  the 
storage  vessel.  At  low  (microwave)  frequency  we 
cannot  single  out  a  specific  method  of  confinement 
as  being  inherently  superior  to  others. 

1.  Effects  on  Frequency:  Particles  and 

Particle  Preparation 

The  particles  which  we  choose  arc  either 
atoms  or  molecules,  and  we  may  use  any  of  the 
different  types  of  electric  or  magnetic  dipole 
transitions.  In  order  to  effect  interrogation,  the 
particles  are  generally  prepared  so  that  this  can 
be  done  efficiently.  Preparation  usually  means 
the  creation  of  a  population  difference  of  the 
energy  levels  which  differs  from  (is  larger  than) 
the  thermal  distribution. 

Only  at  high  frequencies,  above  one 
terahertz,  does  the  preparation  of  particles  lose 
its  importance,  because  of  the  large  population 
differences  already  present  in  thermal  equilibrium. 


This  allows  efficient  absorption  of  the  interroga¬ 
tion  signal  without  preparation.  Possible  methods 
of  preparation  are  listed  in  the  first  column  of 
Table  3. 

Spatial  state  selection  achieves  the  change 
in  population  difference  by  eliminating  one  or  more 
energy  states  from  a  particle  beam. *>31  This 
method  is  based  on  differences  in  the  electrostatic 
or  magnetic  forces  acting  in  inhomogeneous  electric 
or  magnetic  fields  on  the  dipole  moments  which  are 
associated  with  each  energy  state.  Optical  pump¬ 
ing  can  be  used  which  causes  changes  in  population 
difference  when  the  pumping  light  acts  on  the 
energy  levels  selectively  by  proper  use  of  polari¬ 
zation,  filtering, 32  etc.  Electron  collisions  can 
he  used  to  alter  the  population  of  the  energy  levels 
from  the  thermal  equilibrium  values.  As  examples, 
electron  beams  of  well  defined  energy  or  a  gas  dis¬ 
charge  can  be  employed.  A  change  in  population 
can  also  be  accomplished  by  spin  exchange  collisions 
with  atoms  or  molecules  which  have  already  been 
polarized  by  any  of  the  other  methods. 3^  Chemical 
effects  may  be  U3ed  such  as  a  chemical  reaction  or 
a  dissociation  which  lead  to  the  formation  of  excited 
particles. 

*This  method  dates  back  to  the  famous  Stern- 
Gerlach  experiment. 


Table  1 


Effects  on  Frequency:  Particles  and  Particle  Preparation 


Methods 

Effects 

Atoms 

Electric  Fields 

Molecules 

Magnetic  Fields 

No  Preparation  (Absorption) 

Spatial  State  Selection 

Optical  Pumping 

Electron  Collisions 

Majorana  Transitions 
Neighboring  Transitions 
Coupling  of  Transitions 
Collisions 

Spin  Exchange 

Chemical  Reaction 
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Again  we  find  various  effects  associated 
with  the  different  methods  which  give  rise  to  bias 
uncertainties.  They  are  listed  in  the  second 
column  of  Table  3.  The  influence  of  external  elec¬ 
tric  fields  can  be  made  unimportant  if  magnetic 
dipole  transitions  such  as  the  hyperfine  transitions 
in  atoms  are  used,33  Magnetic  fields  can  be 
rendered  unimportant  when  certain  molecular 
transitions  are  taken. 3<*  Shielding  will  reduce  the 
effects  of  both,  Majorana  transitions  may  occur 
if  particles  travel  through  regions  of  varying 
static  field  strength  and  thus  arc  mainly  of  some 
importance  for  spatial  state  selection.  Frequency 
uncertainties  are  introduced  by  transitions  from 
neighboring  states.  This  effect  can  be  minimized 
by  the  choice  of  particles  with  a  simple  energy 
level  structure  and  by  carefully  avoiding  the  stim¬ 
ulation  of  neighboring  transitions. 

Two  classes  of  effects,  listed  in  Table  3  as 
collisions  and  coupling  of  transitions,  represent 
significant  sources  of  frequency  bias  (and  uncer¬ 
tainty)  for  all  methods  other  than  spatial  state 
selection  and  absorption.  Coupling  of  transitions 
occurs  when  the  pumping  radiation  is  present 
simultaneously  with  the  interrogating  radiation. 
Collisional  effects  will  be  encountered  when 
collisions  are  used  as  a  means  of  altering  the 
population  difference.  The  very  method  used  for 
particle  preparation  is  the  source  of  a  frequency 
bias  (and  uncertainty),  and  the  more  efficiently 
the  preparation  is  made,  the  more  restrictive  is 
its  effect  on  the  performance  as  a  primary  fre¬ 
quency  standard.  In  principle,  we  have  a  solution. 
In  analogy  to  spatial  state  selection  we  may 
separate  spatially  the  process  of  particle  prepara¬ 
tion  from  the  particle  interrogation.  This  can  be 
done,  for  example,  with  two  storage  vessels  con¬ 
nected  by  a  diffusion  channel  or  by  using  a 
traveling  beam.  An  alternate  solution  is  the 
separation  in  time  of  particle  preparation  and 
interrogation  (pulsed  preparation).  However,  we 
must  realize  that  both  solutions  will  encounter 
serious  technical  problems  in  their  practical 
realization  although  they  are  fundamentally  feasi¬ 
ble. 

We  summarize:  An  atom  or  molecule 
should  be  used  which  has  a  simple  energy  level 
structure  and  properties  which  reduce  the  effects 
of  external  electric  and/or  magnetic  fields. 
Obviously,  the  best  choice  for  a  particle  prepara¬ 
tion  method  is  no  preparation  at  all  (simple 
absorption).  However,  we  must  then  use  transi¬ 
tions  in  at  least  the  low  terahertz  range  where  the 
population  difference  in  thermal  equilibrium  is 
sufficiently  large  for  efficient  interrogation.  The 
optimum  method  of  particle  preparation  at  low 
(microwave)  frequencies  appears  to  be  the  spatial 
3tate  selection. 


1.  Existing  Concepts  for  Quantum  Electronic 

Frequency  Standards 

We  will  discuss  only  those  quantum  electronic 
frequency  standards  with  a  current  or  potential 
accuracy  capability  of  better  than  one  part  in  10l°. 
Several  devices  have  been  developed,  and  some  arc 
even  commercially  available.  They  include  the 
forerunner  of  all,  the  ammonia  maser,  12.  35  the 
rubidium  gas  cell,3®  the  cesium  beam  tube, 
and  the  hydrogen  maser.***'  33  Two  more  devices 
have  had  a  preliminary  evaluation  but  are  not  nearly 
as  mature  as  those  previously  mentioned:  the 
thallium  beam  tube3^*  3®  and  the  rubidium  maser.*3 
Several  more  concepts  are  being  proposed  or  are 
in  the  early  stages  of  experimentation.  They  in¬ 
clude  saturated  absorption  of  laser  radiation 
(methane, *6  iodine, *?  sulfur'  ••xafluorH  ",3<^  etc.  ), 
simple  absorption  of  laser  radiation  b}  .  traveling 
beam  (iodine*®),  other  beam  tubes  (barium  oxide**®), 
ion  storage  (helium,®0  mercury  etc.  ),  and  the 
storage  beam  tube  (hydrogen),  3 

We  will  now  look  into  the  basic  operation 
principle  of  each  device  and  discuss  briefly  the 
chief  limitation  of  each  by  comparing  with  Tables  1, 

2,  and  3.  It  must  again  be  emphasized  that  any 
effect  imposing  an  accuracy  limitation  of  worse 
than  one  part  in  10M  will  count  as  a  limitation.  No 
attempt  will  be  r.iadc  at  quoting  quantitatively  these 
limitations.  For  those  devices  which  have  been 
evaluated,  the  re  ader  is  referred  to  the  published 
data  in  the  referenced  literature.  For  all  other 
devices  and  concepts  it  seems  futile  to  quote  data 
which  cannot  adequately  be  supported.  In  order  to 
form  his  own  opinion  the  reader  should  consult  the 
referenced  literature.  Finally  it  must  be  empha¬ 
sized  that  the  limitations  quoted  here  should  not  be 
regarded  as  final.  They  merely  reflect  the  present 
st.ite  of  our  knowledge,  and  future  work  is  likely  to 
change  them, 

(a)  Traveling  Beam  Tube  (Figure  1). 

The  beam  of  particles  originates  at  a  suitable 
source  or  oven  and  travels  through  a  first  state 
selector  which  focuses  only  certain,  desired  energy 
states  into  the  cavity  region.  Here  the  particles 
are  interrogated  by  a  microwave  signal.  As  a  re¬ 
sult  the  distribution  of  particles  into  the  various 
energy  states  is  altered  when  the  particles  leave 
the  cavity  region.  This  is  analyzed  by  a  second 
state  selector  which  focuses  particles  in  selected 
energy  states  on  a  detector  thus  generating  the 
error  signal  for  a  slave  oscillator.  Limitations 
are  the  spectrum  of  the  interrogating  radiation 
(Table  1);  the  phase  difference  between  the  two 
cavities,  the  second  order  Doppler  shift  due  to  the 
uncertainty  in  the  mean  square  particle  velocity, 
and  the  relatively  low  line-Q  (Table  2):  and  in  the 
case  of  cesium  and  barium  oxide  the  effects  of 
fields  (Table  3). 


(b)  Absorption  in  a  Beam  (Figure  2). 

The  beam  of  particles  originates  in  a  source  and 
travels  freely  through  a  vacuum  chamber.  A 
laser  which  serves  as  the  slave  oscillator  radi¬ 
ates  perpendicularly  onto  the  particle  beam. 
Changes  in  the  intensity  of  the  laser  radiation  due 
to  absorption  in  the  beam  can  be  detected  (in-line 
position  in  Fig.  2),  or  alternately  the  intensity  of 
the  fluorescence  radiated  by  the  traveling  beam 
may  be  monitored  (displaced  position  in  Fig.  2). 
Limitations  are  the  spectrum  of  the  laser  radia¬ 
tion  and  the  radiation  itself  via  photon  effects 
(Table  1);  and  the  first  and  second  order  Doppler 
effects  (Table  2). 

(c)  Traveling  Beam  Maser  (Figure  3). 

The  only  example  is  the  ammonia  maser.  A  beam 
of  molecules  leaves  the  source,  is  state  selected, 
and  enters  a  cavity  which  is  tuned  to  the  transition 
frequency.  Because  of  the  short  interaction  time 
between  the  particles  and  the  microwave  field  in 
the  cavity  a  large  particle  flux  is  required  to 
obtain  self-oscillation,  Also,  the  delivery  of  the 
energy  from  the  molecules  to  the  cavity  is  in 
general  not  uniform  and  not  symmetric  along  the 
length  of  the  cavity.  This  together  with  the  more 
complex  level  structure  of  ammonia  leads  to  the 
following:  Cavity  pulling  (Table  1);  first  and  sec¬ 
ond  order  Doppler  shifts,  particle  collisions,  and 
cavity  phase  shifts  (Table  2);  and  electric  fields, 
magnetic  fields,  and  the  influence  of  neighboring 
transitions  (Table  3). 

(d)  Storage  Beam  Maser  (Figure  •}). 

The  only  example  is  the  hydrogen  maser.  A  state 
selected  atomic  beam  is  generated  in  a  fashion 
similar  to  the  beam  tubes.  The  atoms  are  stored 
in  a  coated  bulb  located  within  a  cavity.  The 
maser  will  oscillate  provided  certain  conditions 
are  met  which  relate  to  cavity-  and  line-Q, 
particle  flux,  and  device  geometry.  Limitations 
are  cavity  pulling  (Table  1);  and  wall  interaction 
due  to  the  storage  principle  (Table  2). 

(e)  Storage  Beam  Tube  (Figure  5). 

The  hydrogen  storage  beam  tube  is  a  hybrid 
between  the  hydrogen  storage  beam  maser  and  the 
traveling  beam  tube.  The  operation  is  analogous 
to  beam  tubes;  however,  the  hydrogen  storage 
principle  is  adopted  from  the  hydrogen  maser. 

The  direct  flow  of  atoms  from  entrance  to  exit  of 
the  bulb  must  be.  prevented.  A  beam  stop  might 
be  used,  for  example,  th<-  only  serious  limitation 
of  this  device  is  the  wall  sh.ft  (Table  2). 


(f)  Optically  Pumped  Gas  Cell 
(Figures  6  and  7), 

Examples  are  the  rubidium  maser  (Fig,  6)  and  the 
rubidium  gas  cell  (Fig.  7).  Their  basic  concepts 
are  quite  similar.  A  filtered  light  beam  optically 
pumps  the  rubidium  which  is  stored,  together  with 
buffer  gases,  in  a  cell  within  a  cavity.  The  maser 
will  start  oscillations  under  certain  conditions. 

The  passive  gas  coll  obtains  the  error  signal  for  a 
slave  oscillator  from  a  photocell  which  monitors 
the  transmission  of  light  through  the  gas  cell. 

Thus  a  method  which  was  called  frequency  trans¬ 
formation  in  Table  1  is  used  here,  since  the  optical 
transmissivity  is  a  function  of  the  microwave  signal 
applied  to  the  cavity.  Limitations  are  cavity  pulling 
(maser  only)  and  the  spectrum  of  the  interrogating 
radiation  (passive  device  only)  (Table  1);  particle 
collisions,  wall  interaction,  and  a  relatively  low 
line-Q  (Table  2);  and  the  effects  caused  by  the 
coupling  of  the  clock  transition  to  the  optical  pump 
transition  which  usually  are  called  "light  shifts" 
(Table  3). 

(g)  Saturated  Absorption  (Figure  8). 

A  gas  cell  is  used  which  is  irradiated  by  intense 
radiation  from  a  laser  which  acts  as  the  slave 
oscillator.  Unique  advantages  of  the  saturation  of 
an  absorption  .ire  the  significant  reduction  of  the 
first  order  Doppler  effect  and  the  automatic 
exclusion  from  interrogation  of  most  of  the  mole¬ 
cules  which  have  suffered  a  collision.  Known 
limitations  arc  the  spectrum  of  the  laser  radiation 
as  well  as  photon  effects  of  this  radiation  itself 
(Table  J);  and  particle  collisions  (Table  2). 

(h)  Ion  Storage  Principle  (Figure  9). 

Ions  aie  confuted  by  an  inhomogeneous  rf  field, 
and  can  be  stored  for  fairly  long  time  periods. 

The  confining  field  may  be  generated  in  a  quadru- 
pole  trap  consisting  of  a  hyperbolic  doughnutlike 
ring  with  hyperbolic  caps  on  top  and  bottom.* 
Limitations  are  i  posed  by  the  necessity  to 
ionize  and  by  the  method  of  particle  preparation, 
which,  so  far,  is  usually  spin  exchange  with  an 
injected  polarized  atomic  beam.  Comments  on 
this  aspect  were  already  made  in  Section  3.  The 
most  severe  limitation  is  the  second  order 
Doppler  effect  (Table  2). 


^Several  other  trap  configurations  are  possible. 
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Conclusions 


5.  Frequency  Stability  for  One  Seconc. 

Averaging 

In  the  previous  discussion  we  did  not 
include  the  aspects  of  random  uncertainty.  These 
aspects  can  be  described  quantitatively  by  (1) 
through  (4).  In  Table  4,  an  attempt  at  this  is 
made  for  the  different  existing  concepts,  whereby 
we  choose  the  best  understood  actual  system  in 
each  case,  e.  g. ,  we  use  the  actual  (NBS  IXI )  ^  and 
projected  (NBS  5)*  performances  of  cesium  labo¬ 
ratory  standards  in  the  case  of  the  beam  tube 
concept. 

The  first  column  lists  ns,  the  signal 
particle  flux  or  the  number  of  interrogated  parti¬ 
cles  per  second:  the  second  column  gives  the 
interrogation  time  Tr,  In  the  third  column  the 
figure  of  merit  M  is  calculated  from  (2).  With 
the  transition  frequencies,  which  are  listed  in  the 
fourth  column,  we  can  calculate  from  (1),  (3), 
and  (4)  the  fractional  stability  for  one  second 
averaging  time.  It  must  be  emphasized  that  the 
values  given  for  ng  and  Tr  and  therefore  for 
are  only  approximate  and  sometimes  only 
"educated  guesses.  "  However,  they  may  serve  to 
give  an  approximate  feeling  for  the  potential  sta¬ 
bility  performance  of  each  technique.  We  also 
must  note  that  the  measured  stability  usually  will 
be  worse  than  the  calculated  stability  because  of 
limitations  in  the  associated  electronics,  i.e. , 
receiver  or  detector,  slave  oscillator,  etc. 

For  example  the  best  actual  performance  of  the 
hydrogen  maser  is  a  (1  s)  «  8  X  10'13 
{5  X  10'13  42)  and  of  the  methane  saturated 
absorption  isa^d  s)*i  2  X  10-12  *^(2  X  10”13  ). 

6.  Accuracy  Capability 


At  the  beginning  of  this  chapter  we  pointed 
out  the  difficulty  in  quoting  quantitative  values  for 
the  various  error  sources  which  make  up  the 
accuracy  capability.  Nevertheless  it  is  of  interest 
to  quote  those  accuracy  capabilities  which  have 
been  determined  for  actual  systems  based  on  ex¬ 
periments.  They  are  listed  in  the  fifth  column  of 
Table  4.  There  are  no  experimental  data  which 
would  support  accuracy  capability  claims  for  the 
beam  absorption  and  the  storage  beam  techniques. 
The  last  column  in  Table  4  depicts  the  projected 
performance  which  we  consider  possible  from 
applying  and  evaluating  the  thoughts  of  Sections  1, 
2,  and  3  of  this  paper  and  from  interpreting  the 
experimental  data,  A  comparison  between  the  last 
two  columns  of  Table  4  gives  an  approximate  idea 
of  the  stage  of  knowledge  and  development  of  each 
concept. 


The  (ammoioa)  traveling  beam  maser  and 
the  (rubidium)  optically  pumped  gas  cell  have  been 
studied  quite  extensively  and  their  limitations  are 
well  known.  The  magnitude  of  the  limitations, 
stated  qualitatively  in  paragraphs  (c)  and  (f)  of 
Section  4,  is  such  that  we  cannot  expect  any  im¬ 
provement  in  the  accuracy  capability  in  the 
foreseeable  future  as  is  indicated  in  Table  4. 

Their  accuracy  capability  is  also,  in  comparison, 
so  marginal  that  they  are  not  competitors  in  the 
contest  for  superior  primary  frequency  standards. 


The  standard  with  the  best  accuracy 
capability  at  present  is  the  cesium  beam  tube. 

The  individual  effects  contributing  to  this  accu¬ 
racy  capability  are  also  comparatively  well  under¬ 
stood.*"5  Therefore  it  is  possible  to  predict  that 
an  accuracy  capability  of  1  X  10“13  may  actually 
be  realized  in  the  foreseeable  future.  *  The  pro¬ 
jected  performances  of  the  remaining  concepts, 
which  arc  listed  in  Table  4,  are  quoted  as  better 
than  10"w.  Each  of  the  limiting  effects  for  these 
concepts,  as  discussed  in  the  corresponding 
paragraphs  of  Section  4,  has  the  possibility  of 
being  reduced  to  that  level. 


How  far  it  will  be  possible  to  push  beyond 
10*w  is  quite  difficult  to  predict.  As  a  qualitative 
rule  we  may  state  that  the  magnitude  of  an  error 
(bias  uncertainty)  will  decrease  when  the  corres¬ 
ponding  bias  correction  is  reduced.  Also  we  may 
gain  an  advantage  when  we  choose  a  concept  which 
involves  as  few  bias  corrections  as  possible. 
Adopting  this  philosophy  we  can  reexamine  those 
devices  listed  in  Table  4  which  hold  promise,  and 
we  can  try  to  synthesize  an  optimum  solution 
following  the  thoughts  of  Sections  1,  2,  and  3. 

It  is  evident  that  no  single  superior  concept  can  be 
found.  We  have  to  compromise  in  order  to  arrive 
at  a  practical  solution. 


In  Section  1  we  pointed  out  that  a  passive 
technique  should  be  preferred  over  an  active 
oscillator  (maser,  laser),  although  it  is  difficult 
to  give  a  fair  judgment  on  all  parameters  involved. 

In  this  paper  we  are  only  concerned  with  "funda¬ 
mental"  limitations  and  it  is  conceded  that  technical 
and  design  aspects  may  well  be  more  important  than 
the  fundamental  ones.  As  an  example,  it  remains  to 
be  proven  experimentally  that  the  detection  of  a 
hydrogen  storage  beam  device  does  not  create 
sufficient  technical  problems  to  render  its  "funda¬ 
mental"  superiority  over  the  hydrogen  storage 
maser  ineffective. 
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Table  4 


' 


Data  on  Different  Concepts  for  Primary  Frequency  Standards 


Traveling 
beam  tube 
(Cs) 

Absorp*:on 
in  beam  (I  ) 

T  raveling 
beam  maser 


Storage 
beam  maser 
(H) 

Storage 
beam  tube 
(H) 

Optically 
pumped 
gas  cell 
(Rb) 

Saturated 

absorption 


Ion  storage 
<3He+) 


9.2  X 10  i  2  X  10 


5.8  X  10H  3  X  10" 


2.4X1 01C  5  X  10- 


1.4  X  !09 


1. 4  X  109 


6.  8  X  1 0'' 


8.  8  X  10W  2  X  i0-11 


Accuracy 
Capability 

Present  |  Projected 
exp  'rimentali 
performance  I 


5  X  10" 


10-14  ;  2  X  10-Uf 


10-14  !  i0"l° 


1  X  io-“ 
better  than 


better  than 


better  than 


better  than 


8.7  X  |0* 


[30j  .  better  than 
-M  1  !  I0-» 


In  the  search  for  an  optimum  passive 
technique  the  frequency  of  the  transition  is  an 
important  parameter,  A  low  frequency  is  of 
advantage  in  the  interrogation  of  particles; 
however,  effects  caused  by  particle  confinement 
are  fractionally  large,  and  it  is  necessary  to  pre¬ 
pare  the  particles  for  effective  interrogation. 

The  most  effective  method  for  particle  preparation 
which  also  introduces  no  adverse  effects,  if  proper 
care  is  taken,  is  spatial  state  selection  of  a  parti¬ 
cle  beam.  For  particle  confinement  at  low  fre¬ 
quencies  we  have  to  rule  out  simple  absorption. 
Storage  in  buffer  gases  introduces  large  biases 
and  with  it  relatively  large  errors.  A  third 
method,  ion  storage,  seen  j  to  be  severely  affected 
by  the  second  order  Doppler  effect.  A  significant 
reduction  of  this  hi»«  (elf e-  tii-e  ion  temperature) 
appears  difficult  .ird  •?*  !>.«■-» l*»dge  to  correspond¬ 
ingly  better  th.tn  »•>*-  »-<-<■.  «  be  i  serious 
problem,1**'  Tecf.i-  «i  issociated  w!th 

the  creation,  n,  -■■•i  ^repiratioA  of  tons 

may  alsc  restrict  ti  <”  f  i.  n  storage  as  a 


method  of  confinement.  However,  it  should  not 
be  considered  experimentally  impossible, 
especially  if  heavy  ions  are  used  which  reduce 
adverse  heating  effects. 

Two  choices  are  left.  The  first  is  the 
traveling  beam  method,  i.e,,  in  practice  an 
advanced  cesium  beam  tube.  The  use  of  particles 
other  than  cesium  will  not  •■ive  a  substantial 
advantage.  The  prospects  c  an  be  fairly  well  pre¬ 
dicted  (Table  4),  The  secon  1  choice  is  the  storage 
beam  tube.  So  far  only  atomic  hydrogen  can  be 
stored  effectively  in  a  vessel  with  coated  walls. 
The  only  limiting  effect  is  the  wall  interaction 
(wall  shift).  At  present  the  wall  shift  bias  is 
typically  of  the  order  of  10"11  and  can  be  measured 
to  about  10  percent.1*®  Recent  experiments  show 
that  the  wall  shift  can  actually  be  made  zero  at 
elevated  temperatures. ^  We  also  may  assume 
that  bulbs  of  variable  size  can  be  used  to  evaluate 
the  wall  shift  with  a  higher  degree  of  accuracy,^® 
and  that  considerably  larger  storage  bulb  sizes 


can  be  used, 51  if  we  assume  that  the  wall  shift 
bias  could  be  reduced  by  one  order  of  magnitude 
and  could  be  measured  to  1  percent  of  its  value, 
we  would  have  an  accuracy  capability  jf  10"14. 

A  high  frequency  transition  eliminates  most 
of  the  problems  associated  with  particle  confine¬ 
ment  and  preparation  because  we  can  use  simple 
absorption.  Specific  problems  and  technical 
difficulties  may  arise  in  connection  with  the  fre¬ 
quency  multiplication  and  synthesis  into  the 
infrared  region.  We  shall  assume  that  these 
problems  can  be  overcome.  Confinement  in  an 
absorption  cell  is  possible  because  the  fractional 
influences  of  wall  and  particle  collisions  are 
reduced  due  to  the  high  frequency. 

Saturated  absorption*”  will  further  reduce  ad¬ 
verse  effects  because  only  particles  with  near 
zero  Doppler  shift  and  near  zero  collisional  effects 
are  interrogated.  Another  choice  is  the  use  of  a 
traveling  beam*®  which  absorbs  radiation  directed 
perpendicular  to  the  beam.  Effects  related  to  the 
energy  of  the  interrogating  photons  are  a  limita¬ 
tion  which  becomes  more  pronounced  as  the  tran¬ 
sition  frequency  increases.*  Existing  methods 
like  the  methane  saturated  absorption  will  allow  a 
study  of  these  effects  and  will  give  an  indication  of 
how  well  th'  bias  can  be  determined.** 

Following  those  thoughts  one  may  conclude 
that  such  effects  are  reduced  by  choosing  a  transi¬ 
tion  of  lower  frequency,  e.  g.  ,  in  the  far  infrared, 
while  still  retaining  the  advantages  of  a  relatively 
high  transition  frequency.  The  optimum  frequency 
for  such  an  approach  appears  to  lie  in  the  low 
terahertz  region.  Here  the  opportunity  for  gaining 
full  advantage  from  techniques  based  on  simple 
absorption  still  exists  (sufficient  population  and 
population  difference  even  at  thermal  equilibrium, 
and  optical  techniques  can  be  used),  but  the  biases 
related  to  the  energy  of  the  interrogating  photons 
are  considerably  reduced.  These  effects  can  be 
reduced  further  and  the  interrogation  time  can  be 
increased  by  using  molecules  of  larger  mass. 

Also  the  traveling  beam  method  might  be  combined 
with  the  saturated  absorption  technique.  Thus 
accuracy  capabilities  of  better  than  10’13  may  be 
expected. 

In  summary  wo  may  conclude  that  among 
other  possibilities  the  storage  beam  principle 
(hydrogen)  holds  high  promise  for  a  quantum  elec¬ 
tronic  frequency  standard  based  on  a  low  (micro- 
wave)  transition  frequency.  The  other  group  of 
techniques  which  has  a  potential  of  competing  with 
or  surpassing  the  projected  performance  of  the 
cesium  beam  tube  is  based  on  simple  absorption  in 


*The  fractional  influence  is  proportional  to  v. 
s^This  bias  is  of  the  order  of  10“11  for  methane. 


transitions  of  high  frequency,  in  the  terahertz  (at 
least)  region.  Both  approaches  hold  the  promise 
for  accuracy  capabilities  of  10-14  and  are  within 
reach  of  experimental  realization. 
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ABSTRACT 

The  value  which  most  affects  the  accuracy 
of  the  hydrogen  maser  is  the  experimental  deter¬ 
mination  of  the  frequency  shift  produced  by  the 
collision  of  the  atoms  with  the  surface  of  the 
storage  bulb.  In  the  current  method  of  using 
different  bulbs  with  various  sizes  in  order  to 
determine  the  frequency  shift,  a  large  amount  of 
uncertainty  is  due  to  the  unreproducibility  of 
the  FEP  Teflon  coatings  from  one  bulb  to  another. 
A  way  to  get  rid  of  this  error  is  to  use  a  single 
deformable  bulb  whose  volume  can  be  changed  while 
the  same  surface  is  retained.  Such  a  bulb  has 
been  developed  which  can  be  adapted  to  any  regu¬ 
lar  maser. 

INTRODUCTION 

If  we  call  tQ  the  time  between  collisions 
of  the  atoms  with  the  FEP  Teflon  coated  wall  of 
the  bulb,  and  <t  an  average  phase  shift  which  oc¬ 
curs  on  each  collision,  we  can  define  a  frequency 
shift  fiv: 

6v  »  0  /(2nt0) 

Since  the  frequency  shift  is  proportional  to  the 
collision  rate,  it  can  be  determined  by  measur¬ 
ing  the  frequency  of  the  maser  as  a  function  of 
the  storage  bulb  size,  the  mean  free  path  d  of 
the  atoms  inside  the  bulb  being  a  function  of  the 
volume  V  and  the  surface  area  A  of  the  storage 
bulb.  Let  us  call  N  the  number  of  atoms  per 
unit  volume  inside  the  bulb  and  v  the  average 
velocity  of  the  atoms.  We  know  from  gas  kinet¬ 
ics1  that  the  total  number  Q  of  collisions  per 
second  is  given  by  the  expression: 

Q  =  £  N  v  A 

Thus :  d«vNV/Q«*»V/A 

Thl3  result  i3  true  for  any  kind  of  bulb  config¬ 
uration.  Since  te  ■  d  /  v,  we  have  the  expres¬ 
sion  for  the  frequency  shift  as  a  function  of 
the  geometry  of  the  storage  bulb: 

6v=v0  A  /  8  it  V 

The  value  of  the  beat  frequency  Av  between 
two  masers  (after  correction  for  different  mag¬ 
netic  fields  and  second  order  Doppler  effects) 
gives  us  the  difference  of  the  frequency  shifts 
due  to  the  different  bulb  in  each  maser.  Now  if 
we  change  the  bulb  of  one  maser  in  order  to 
change  its  ratio  A  /  V,  so  that  it  becomes  b 
times  smaller,  we  obtain  another  value  Av’  for 
the  beat  frequency.  If  we  assume  that  <f>  does 
not  change  from  one  coating  to  another,  B  will 
be  the  factor  of  proportionality  between  the 


frequency  shifts  of  the  bulbs  which  have  been 
used  in  the  same  maser.  That  is  the  way  the  fre¬ 
quency  shift  determinations  have  been  done  by 
several  workers*"”  and  the  discrepancies  in 
their  results  indicate  either  that  there  are 
unrecognized  systematic  errors  in  this  method  or 
that  <t  varies  from  one  sample  of  Teflon  to 
another.  A  way  to  keep  <b  constant  during  a  fre¬ 
quency  shift  measurement  is  to  use  a  flexible 
bulb  in  order  to  be  able  to  change  its  volume  V 
while  keeping  the  same  surface  A,  as  initially 
proposed  by  D.  Brenner  and  used  by  him  in  some 
preliminary  experiments  at  Harvard  University.^ 

An  improved  deformable  storage  bulb  has 
been  developed  which  can  be  adapted  to  any  regu¬ 
lar  maser  (Fig.  1).  A  simple  device  permits 
both  a  rapid  and  accurate  variation  of  the  vol¬ 
ume  of  the  bulb,  as  well  as  the  necessary 
readjustment  of  the  cavity  tuning.  The  high 
vacuum  in  the  whole  system  is  maintained  at  all 
times. 

Let  us  call  Dvp  and  6vR  respectively  the 
frequency  shift  of  the  deformable  bulb  in  small 
and  large  volume  configuration,  Av  and  Av* 
being  the  observed  beat  frequencies  between  the 
two  masers.  We  will  call  6vR  the  frequency 
shift  of  the  rigid  bulb  which  is  in  the  refer¬ 
ence  maser,  frequency  shift  that  we  wish  to  de¬ 
termine. 

From  the  two  equations: 

&vD  -  6vr  «  Av 
Bvp  -  fjvR  =  Av’ 

and  with  the  supplementary  condition: 

&vj)  =  B  6vp 

we  obtain  the  frequency  shift  of  the  reference 
maser  6vR: 

&vR  =  (Av  -  BAv')  /  (B  -  1) 

DESCRIPTION  OF  THE  DEFORMABLE  STORAGE  BULB 

The  deformable  bulb  is  made  of  three  main 
parts  (Fig.  2).  The  rigid  part  i3  a  quartz 
cylinder  including  a  stem  in  its  base,  coated 
with  five  FEP  Teflon  layers  in  the  normal 
way.  >5  The  deformable  part  of  the  bulb  is  a 
two  mil  thick  FEP  Teflon  cone  which  can  be  in¬ 
verted;  its  construction  is  described  below. 

The  base  of  the  cone  is  held  against  the  upper 
edge  of  the  quartz  cylinder  by  two  rigid  Teflon 
rings,  one  on  each  side  of  the  quartz  wall.  The 
diameter  of  the  outer  ring  is  adjusted  by  a 
nylon  screw.  The  two  rings  are  held  together  by 
eight  Teflon  clamps.  The  upper  part  of  the  cone 
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is  compressed  between  two  Teflon  rods,  with  the 
surface  exposed  to  the  atoms  covered  with 
another  FEP  Teflon  film.  The  whole  surface 
seen  by  the  atoms  is  therefore  made  of  FEP  Tef¬ 
lon.  By  pulling  the  main  rod  up  and  down, 
through  a  sliding  o-ring  seal  in  the  top  of  the 
bell  jar,  the  frustrum  of  the  cone  will  be  either 
outside  or  inside  the  cylinder.  The  ratio  B  of 
the  volumes  Is  computed  geometrically.  In  order 
to  make  the  FEP  Teflon  cone,  a  four  layer  coat¬ 
ing  is  made  inside  a  Pyrex  funnel  having  the  de¬ 
sired  opening  angle.  The  coating  is  removed 
from  the  Pyrex  surface  by  the  action  of  an  acid 
carefully  heated  inside  the  funnel.  This  acid 
is  a  mixture  of  two  parts  of  concentrated  nitric 
acid,  one  part  of  hydrofluoric  acid  and  two 
parts  of  distilled  water.  The  hydrofluoric  acid 
diffuses  through  the  film,  attacks  the  Pyrex 
and  releases  the  Teflon. 

The  characteristics  of  the  bulb  are  indi¬ 
cated  in  the  Table  I. 

EXPERIMENTAL  RESULTS 

The  purpose  of  the  experiment  was  to  deter¬ 
mine  the  frequency  shift  produced  by  the  bulb 
which  is  used  in  the  reference  maser  of  Harvard 
University.  Knowing  B,  the  main  characteristic 
of  the  deformable  bulb: 

B  =»  1.299  k  0.00b 

and  having  measured  the  following  values  for  the 
beat  frequency  between  the  reference  maser  and 
the  maser  with  deformable  bulb: 

Av  =>  -  ,*3.76  *  0 .21  mHz 

Av'  =  -  28.81)  *  0.17  mHz 

we  thus  determined  the  frequency  shift  of  the 
reference  maser  which  has  a  19.25  cm  diameter 
spherical  quartz  bulb  at  a  temperature  of 
31.5  °0: 

BvR  =  -  21.07  +  2.32  mHz 

where  1  mHz  =  10’^  Hz. 

It  should  be  noted  that  the  error  on  this 
value  can  be  reduced  by  choosing  a  larger 
ratio  B.  However,  a  limitation  in  the  size  of 
B  comes  from  the  fact  that  the  conditions  re¬ 
quired  for  oscillation  in  the  deformable  bulb  in 
the  small  volume  configuration  are  stronger  than 
those  in  the  ca3e  of  a  spherical  bulb,  because 
most  of  the  volume  is  outside  the  center  of  the 
cavity  where  the  oscillating  field  strength  is 
concentrated. 

COMPARISON  WITH  OTHER  WORK 

The  result  presented  in  this  work  is  in 
good  agreement  with  the  one  obtained  by  P.  W. 
Zitzewitz'  who  used  eighteen  different  bulbs  in 
order  to  determine  the  frequency  shift  of  the 


same  bulb  used  in  the  reference  maser  at  Harvard 
University  (Table  II).  The  slight  discrepancy 
may  be  due  to  the  fact  that  during  the  one  year 
interval  between  the  two  measurements,  the  ref¬ 
erence  maser,  which  uses  mercury  diffusion  pumps, 
was  not  maintained  at  high  vacuum  at  all  times. 
The  error  estimate  for  the  earlier  measurement 
was  purely  statistical  without  any  consideration 
for  systematic  effects  of  undetected  anomalous 
coatings  on  individual  bulbs.  Also,  no  allowance 
v;as  made  for  any  drift  over  the  year.  In  the 
present  experiment,  the  error  in  6vR  is  obtained 
by  combining  the  standard  deviation  of  the 
measured  values  Av  and  Av' ,  and  the  uncertainty 
in  the  knowledge  of  B,  in  standard  ways.  No 
arbitrary  choice  is  made  and  all  the  possible 
errors  are  considered.  The  slight  downward  ad¬ 
justment  of  the  frequency  shift  of  the  reference 
maser  gives  even  closer  agreement  between  masers 
at  Harvard  and  the  National  Bureau  of  Standards, 
Boulder,  Colorado.® 

Next  to  the  fact  that  this  method  of  fre¬ 
quency  shift  determination,  by  using  a  deform¬ 
able  storage  bulb,  reduced  possible  systematic 
errors,  another  improvement  in  regard  to  the 
usual  method  is  the  tremendous  gain  of  time  re¬ 
quired  for  the  measurements.  A  future  applica¬ 
tion  of  this  method  is  the  use  of  a  deformable 
bulb  with  this  geometry  on  the  Large  Storage  Box 
Maser. 
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Table  Is  Characteristics  of  the  Deformable  Bulb 


Parameters 

Small  Volume  Large  Volume 

Mean  free  path  d 

6.67  cm  8.67  cm 

Volume  v 

1168.20  cm3  1517.36  cm3 

Surface  A 

699.95  cm2 

Volume  ratio  B 

1.299 

Phase  shift  <t> 

10.7  x  10'6  rad. 

Table  IX :  Comparison  of  Two  Determinations  of  the 
Frequency  Shift 

All  values  are  referred  to  the  same  15.25  cm. 
diameter  bulb,  at  31.5°C.  K  is  equal  to  the 
product  of  the  frequency  shift  by  the  diam.  of 
the  bulb. 


Work  K  (mHz. cm)  <t>  (radian)  6vr  (mHz) 

Zitzewitz  -342.7+7.9  -(5.67±0.13)xlO'6  -22.1*7+0.52 
Present  -321+35  -(5.32+0. 59)xl0'6  -21.07+2.32 
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Summary 

Series  of  measurements  of  the  wall  shift  in 
the  hydrogen  maser  have  been  carried  out  over  a 
wide  range  of  temperatures  in  order  to  elucidate 
the  causes  of  this  frequency  offset.  Coatings  of 
both  the  Teflon  homopolymer  (DuPont  TFE-42)  and 
the  copolymer  (FEP-120)  have  been  used,  with  the 
same  general  results.  There  is  a  region  below 
about  200  K  where  the  wall  shift  is  rapidly  be¬ 
coming  less  negative  as  the  temperature  is  in¬ 
creased.  Between  about  200  and  360  K  the  shift 
becomes  less  negative  at  a  slower  rate,  about  1$ 
of  the  room  temperature  value  per  degree.  Above 
about  350  K  for  FEP  and  about  390  K  for  TFE  the 
slope  again  increases.  The  wall  shift  passes 
through  zero  near  100°C  for  both  substances. 

A  theoretical  model  of  the  wall  shift  has 
been  developed  based  on  an  adiabatic  collision 
with  two-body  interactions  which  predicts  the 
correct  room  temperature  shift,  but  gives  a  slope 
much  smaller  than  observed.  The  conclusions 
drawn  from  this  work  are  that  the  change  in  sign 
of  the  wall  shift  suggests  that  the  wall  shift  is 
the  result  of  an  adiabatic  collision  rather  than 
physical  adsorption.  The  abrupt  changes  in  slope 
occur  at  temperatures  at  which  phase  changes  are 
known  to  occur  in  bulk  Teflon.  Thus  the  wall 
shift  has  been  linked  directly  to  observable 
properties  of  the  surface  material. 

Introduction 

The  frequency  offset  in  the  hydrogen  maser 
due  to  collisions  of  the  hydrogen  atoms  with  the 
surface  is  the  systematic  shift  most  difficult  to 
measure  and  control,  and  the  one  that  contributes 
to  most  of  the  uncertainty  in  the  hydrogen  hyper- 
fine  separation.  An  experimental  program  haB  been 
carried  out  with  aims  of  both  trying  to  understand 
the  nature  of  the  wall  shift  of  the  surfaces  now 
in  use  and  also  of  preparing  the  groundwork  of 
searches  for  new  surfaces. 

.  The  wall  shift  can  be  written  as  a  product 
of  the  rate  of  surface  collisions,  n,  and  the 
phase  shift  per  collision,  9.  Thus: 

6vy  ■  (l/2«)noi  (1) 

The  collision  rate,  n  «  v/\,  is  a  function  of 
atomic  velocity  and  bulb  geometry  alone,  while 
the  phase  shift  is  characteristic  of  the  atom- 
surface  interaction,  and  thus  is  the  quantity  of 
greatest  Interest. 

The  result  of  any  experiment  is  actually  the 
difference  in  wall  shifts  of  two  masers.  The 
calibration  of  the  reference  maser  was  described 
at  this  meeting  last  year. 


The  experiments  carried  out  in  this  work 
were  done  on  a  maser  which  is  a  Varian  H-10  ex¬ 
tensively  modified  to  obtain  higher  pumping  speed 
and  to  permit  operation  between  90  and  400  K.* 

In  the  region  above  room  temperature  electrical 
heaters  are  used  to  maintain  the  desired  tempera¬ 
ture  within  a  tenth  of  a  degree.  Below  room 
temperature  a  cavity  has  been  used  which  has  hol¬ 
low  walls  that  can  be  filled  with  liquid  nitro¬ 
gen.  This  allows  operations  at  temperatures  near 
90  K.  Moreover,  after  the  liquid  has  evaporated 
special  measurement  techniques  allow  measurements 
as  the  maser  warms  up.  In  this  region  gradients 
limit  temperature  determinations  to  about  4°C. 

One  further  fixed  point  is  obtained  by  circulating 
cold  (284  K)  water  in  the  cavity  walls. 

Wall  shift  Theory 

A  theoretical  model  of  the  hydrogen-surface 
interaction  has  been  developed  which  allows  cal¬ 
culation  of  the  wall  shift  for  model  Teflon  sur¬ 
faces.  It  is  based  on  two  assumptions.  First, 
that  the  collision  is  adiabatic,  meaning  that 
energy  loss  at  the  surface  is  small  enough  to 
prevent  trapping,  or  physical  adsorption.  Sec¬ 
ond,  that  the  total  hydrogen- surface  interaction 
can  be  found  by  means  of  a  summation  over  sep- 
•  arate  two-body  potentials  between  the  hydrogen 
atom  and  individual  surface  atoms  or  groups  of 
atoms. 

The  surface  to  be  treated,  Teflon,  is  a  syn¬ 
thetic  fluorocarbon  which  can  be  purchased  either 
as  a  homopolymer,  polytetrafluoroethylene,  such 
as  DuPont  TFE-42,  or  as  the  copolymer  with  hexa- 
f luoropropylene ,  as  DuPont  FEP-120.  The  former 
Is  composed  of  long  chains  of  -CF2-  groups,  the 
latter  of  long  chains  with  about  95^-CF2~  and 
yf,  -CFCFo-.  In  either  material  the  chains  are 
folded  back  and  forth  on  themselves  to  form 
broad,  thin  crystals  called  lamellae,  in  which 
the  chains  are  primarily  perpendicular  to  the 
broad  crystal  faces.  Not  all  material  is  in¬ 
cluded  in  regions  of  high  crystalline  order,  how¬ 
ever,  and  Teflon  is  best  characterized  as  a  semi¬ 
crystalline  polymer. 

There  are  two  effects  of  the  interaction 
between  the  hydrogen  atoms  and  a  -CFg-  group. 

First,  the  interaction  itself  determines  the 
motion  of  the  atom.  Second,  the  interaction 
changes  the  hyperfine  energy  of  the  hydrogen, 
giving  rise  to  the  shift  in  phase  of  the  oscil¬ 
lating  moment.  The  interaction  potential  is 
described  by  the  familiar  Lennard-Jones  6-12 
potential.  The  van  der  Waals  attractive  force, 
due  to  mutually  induced  electric  dipoles,  is 
included  in  the  R*°  term.  The  "Pauli  exclusion" 
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force,  causing  the  repulsion  when  the  electron 
clouds  begin  to  overlap,  is  approximated  by  the 
R*12  term.  The  two  parameters  of  the  potential, 
well  depth  and  equilibrium  separation,  are  esti¬ 
mated  by  the  use  of  rules  allowing  the  combina¬ 
tion  of  parameters  describing  H-H  and  CFg-CFg 
interactions.  These  in  turn  are  found  partially 
from  theory  and  partially  from  experimentally 
based  empirical  potentials. 

The  dependence  of  the  hydrogen  hyperfine 
energy  on  the  H-CF2  interaction  potential  can  be 
seen  qualitatively  by  noting  that  the  hyperfine 
energy,  as  described  by  the  Fermi  contact  term, 
depends  on  the  density  of  the  electronic  wave- 
function  at  the  hydrogen  nucleus.  Thus  the  at¬ 
tractive  van  der  Waals  force  which  expands  the 
wavefunction  lowers  the  hyperfine  frequency. 

The  opposite  shift  is  caused  by  the  compression 
of  the  electron  cloud  by  the  repulsive  forces. 

The  former  shift,  the  negative  one,  is  rigorously 
proportional  to  the  van  der  Waals  potential,  and 
the  proportionality  constant  can  be  computed  ac¬ 
curately.  The  positive  shift  is  too  complicated 
to  be  computed  at  this  time,  and  so  it  is  assumed 
to  be  similarly  proportional  to  the  repulsive 
potential. 

The  total  interaction  potential  between  the 
hydrogen  atom  and  the  surface  is  then  found  by 
summing  the  pairwise  potentials  over  all  -CF2- 
groups  in  the  Teflon  surface.  Because  a  sum  over 
all  groups  individually  is  impractical,  but  a  sim¬ 
ple  integration  over  smeared-out  interaction  cen¬ 
ters  is  inaccurate  for  forces  with  such  a  strong 
dependence  on  separation,  a  compromise  is  used. 

The  potentials  are  summed  over  only  seven  -CFp- 
groups  which  are  assumed  to  lie  on  a  semicircle, 
thus  representing  a  fold  in  the  molecular  chain 
at  the  face  of  the  lamella.  The  remainder  of  the 
semi- infinite  surface  is  treated  by  an  integra¬ 
tion.  This  operation  determines  the  hydrogen- 
surface  potential  at  any  separation,  and  thus,  by 
simple  proportionality,  the  hyperfine  shift. 

The  total  phase  shift  per  collision  is  then 
computed  by  integrating  the  Instantaneous  hyper¬ 
fine  shift  over  the  duration  of  the  collision. 
Since  this  shift  is  known  as  a  Amction  of  dis¬ 
tance  rather  than  time,  the  interaction  potential 
and  classical  mechanics  are  used  to  replace  dt  by 
dz/v,  where  v  is  the  atomic  velocity.  Thus  the 
final  integral,  to  be  performed  numerically,  is 

#0  ■ 

SO Wz)]J  (2) 

where  V(z)  is  the  atom-surface  potential 

E  initial  energy  of  the  hydrogen 

m  mass  of  hydrogen  atom 

0  initial  angle  of  approach 

6E(z)  shift  in  hyperfine  energy 

T  atom  temperature 

z  distance  of  closest  approach 


and  where  the  integral  is  averaged  over  all  angles 
of  approach,  weighted  by  a  Lambert  Law  distribu¬ 
tion;  and  over  all  initial  energies,  weighted  by 
a  Maxwell-Boltzraann  distribution.  Because  of 
computer  limitations  this  final  energy  average 
was  omitted. 

The  results  are  shown  in  Fig  1.  The  graph 
showing  dependence  on  angle  of  approach  gives 
results  for  the  most  likely  potential  depth, 

®o  ■  99- **1  K,  ®o/3,  and  3e0>  with  the  separate 
contributions  of  the  negative  and  positive  parts 
of  the  phase  shift  indicated.  The  second  graph, 
showing  the  phase  shift  as  a  function  of  temper¬ 
ature,  is  averaged  over  all  angles.  The  temper¬ 
ature  dependence  is  quite  small, about  0.2  percent 
of  the  room  temperature  value  per  degree.  More¬ 
over,  inclusion  of  the  energy  integration  would 
reduce  this  dependence  even  more. 

Experimental  Results 

Data  on  the  temperature  dependence  of  the 
phase  shift  per  collision  in  the  region  above 
room  temperature  were  obtained  for  two  separate 
bulbs  of  each  type  of  Teflon.  Coating  techniques 
for  FEP-120  have  been  previously  described.1  The 
TFE-42  dispersion,  diluted  2:1  to  50*  TFE-42, 

10*  Triton  X-100  wetting  agent,  and  40*  water, 
was  applied  in  exactly  the  same  way.  The  first 
coat  was  made  easily,  but  additional  coats  were 
much  more  difficult  to  apply,  and,  because  of 
the  extremely  high  melt  viscosity  of  the  homo- 
polymer,  were  often  very  rough. 

The  results  for  both  kinds  of  Teflon  over 
the  entire  temperature  range  are  shown  in  Fig  2. 

A  more  careful  examination  of  the  results  is 
shown  in  Fig  3,  where  the  residuals  from  a 
statistically  weighted  least  square  fit  of  data 
in  the  room  temperature  regions  are  given.  The 
temperature  regions  included  in  each  fit  are 
indicated  by  the  solid  lines.  In  the  region  be¬ 
low  room  temperature  only  one  coat  of  each  Teflon 
was  tested.  The  room  temperature  dependence  was 
first  measured,  then  the  wall  shift  determined 
from  90  to  250  K,  finally  the  points  near  280  K 
found.  Residuals  to  fits  in  the  room  temperature 
region  for  the  FEP  coot  are  shown  in  Fig  4,  while 
residuals  of  a  fit  of  points  in  the  170-250  K 
region  for  the  TFE  coat  are  given  in  Fig  5-  For 
this  coat  the  room  temperature  results  are  fit 
separately,  as  shown.  Parameters  for  the  func¬ 
tion  4  =  AT+B  for  specific  temperature  ranges 
are  shown  in  Table  I  below: 


Bulb 

Temps . 

A 

B 

(K) 

turad/K) 

(/urad) 

0. U  s 

295-31*7 

0.1294 

-48.53 

3.2  s 

293-363 

0.12 1*8 

-46.16 

Lo  T 

285-311 

0,1266 

-46.28 

Lo  T 

170-250 

0.1107 

-40.35 

Lo  T 

98-165 

0.4680 

-100.42 

Bulb 

Temps. 

A 

B 

(K) 

(urad/K) 

(«rad) 

4” 

358-392 

O.IO81 

-4 0.00 

4" 

297-329 

0.0747 

-28.70 

6.5" 

366-411 

0.1102 

-41.57 

6. 5" 

297-335 

0.0609 

-23.83 

Lo  T 

206-312 

0.0719 

-28.08 

Lo  T 

99-163 

0.4126 

-90.62 

Table  I  Least  Squares  Pit  Parameters 

Here  bulbs  are  identified  as  in  the  graphs  .  with 
Lo  T  standing  for  the  two  bulbs  used  in  the  low 
temperature  experiments.  Since  only  one  TFE 
point  was  definitely  above  the  high  temperature 
break,  no  line  parameters  can  be  given  for  that 
region. 

Discussion  of  Results 

There  are  three  major  conclusions  that  can 
be  drawn  from  these  results:  a)  The  slope  is 
much  larger  than  predicted  by  the  theory,  being 
about  one  percent  of  the  300  K  phase  shift  for 
both  Teflons.  As  no  reasonable  variation  of  the 
parameters  in  the  theory  leads  to  large  enough 
slopes,  some  interaction  must  have  been  omitted 
from  the  model.  The  theory  presented  here  is 
essentially  equivalent  to  the  two-body  interac¬ 
tion  causing  the  pressure  shifts  in  optical 
pumping,  with  the  summation  mainly  adding  to  the 
magnitude  of  the  negative  term.  In  the  optical 
pumping  work  experiment  and  theory  of  temperature 
dependence  are  in  reasonable  agreement.  Thus  it 
3eems  likely  that  effects  associated  with  the 
surface  itself  (many-body  effects)  must  be  added 
to  the  present  model,  b)  The  phase  shift  per 
collision  passes  through  zero  near  100°C.  The 
crossing  la  smooth,  without  any  trace  of  the 
asymptotic  behavior  expected  of  a  process  involv¬ 
ing  physical  adsorption  cf  the  atoms  at  the  sur¬ 
face.  Thus  the  adiabatic  model,  described  above, 
in  which  the  total  phase  shift  is  the  balance  of 
positive  and  negative  shifts, is  strongly  suppor¬ 
ted.  Our  experience  with  these  bulbs  further 
suggests  that  some  of  the  lack  of  reproducibil¬ 
ity  in  the  phase  shift  from  one  coating  to  the 
next  is  smaller  at  higher  temperatures.  This  is 
especially  true  of  discrepancies  due  to  increased 
collision  rates  due  to  higher  than  expected  sur¬ 
face  areas.  In  this  case  the  phase  shift  per 
collision  is  essentially  rotated  about  the  zero 
crossing.  That  is,  B/A  is  independent  of  colli¬ 
sion  rate.  Further  discussion  of  the  implica¬ 
tions  of  the  high  temperature  results  will  be 
made  below,  c)  The  phase  shift  per  collision 
undergoes  three  distinct  transitions.  These  oc¬ 
cur  at  temperatures  at  which  phase  changes  in 
Teflon  exhibit  known  relaxations.  These  relaxa¬ 
tions,  associated  with  the  onset  of  molecular 
motion,  occur  at  temperatures  dependent  on  the 
time  scale  of  the  experiment  observing  them. 

The  experimental  time  (and  frequency)  dependence 
follows  a  model  of  chemical  activation: 


fa(kT/2rth)exp(AS*/R)exp(-/M*/RT)  (3) 

where  f  is  the  experimental  frequency,  AS*  and 
AHi  the  activation  entropy  and  enthalpy  of  the 
particular  relaxation  mechanism.  The  size  of 
these  parameters  can  be  used  to  find  the  number 
of  atoms  involved  in  the  motion. ^  The  highest 
temperature  relaxation,  labeled  a,  is  seen  as 
the  increase  in  slope  of  the  phase  shift  near 
350  K  in  FEP  and  near  390  K  in  TFE  (Fig  3) .  This 
relaxation  is  associated  with  the  onset  of  motion 
of  large  numbers  of  -CF2-  groups,  and  usually  is 
thought  to  be  most  important  in  the  polymer  re¬ 
gions  of  lowest  crystalline  order.  It  occurs  at 
lower  temperatures  in  FEP  because  the  CF-  groups 
replacing  the  F  atoms  on  a  few  -CF2-  groups  tend 
to  reduce  interchain  attraction,  as  evidenced  by 
the  lover  melting  point  and  smaller  melt  viscos¬ 
ity  in  the  copolymers.  The  Interchain  attrac¬ 
tion  is  primarily  due  to  van  der  Waals  forces, 
and  thus  it  is  likely  that  this  relaxation  either 
causes  or  is  caused  by  a  weakening  of  these 
forces.  Thus  it  is  not  surprising  that  the  nega¬ 
tive  portion  of  the  phase  shift  per  collision, 
due  to  the  van  der  Waals  forces,  is  reduced  above 
this  relaxation  temperature . 

The  next  relaxation,  in  order  of  decreasing 
temperature,  is  (J.  This  relaxation  is  associated 
with  the  well  known  changes  in  crystalline  order 
occuring  at  19  and  30°  C.  in  TFE.  In  polymer 
experiments  this  relaxation  is  extremely  compli¬ 
cated,  and  usually  occurs  at  temperatures  below 
the  crystalline  transition  temperature.  Again, 
because  of  the  reduced  crystal  order  in  the  copo¬ 
lymer,  it  occurs  at  lower  temperatures  in  this 
substance.  In  the  phase  shift  data  there  is 
some  evidence  for  a  small  discontinuity  in  the 
TFE  data  below  280  K,  and  there  is  probably  a 
shoulder  near  210  K  on  the  low  temperature  transi¬ 
tion  in  the  FEP  data.  At  this  time  there  is  no 
explanation  for  the  phase  shift  changes  in  terms 
of  polymer  structural  changes. 

The  third  relaxation,  r,  is  associated  with 
the  onset  of  motion  of  very  small  numbers  of 
-CF2-  groups,  and  is  almost  independent  of  co¬ 
polymer  concentration.  In  our  data  it  is  seen 
as  the  tremendous  change  in  the  slope  of  the 
phase  shift  between  170  and  I90  K  in  both  Teflons. 
In  terras  of  the  properties  of  bulk  Teflon,  this 
temperature  is  the  primary  glass  transition  tem¬ 
perature,  below  which  the  material  is  a  rigid 
glass-like  substance,  above  which  it  behaves  like 
a  plastic.  Again  it  is  difficult  to  relate 
these  properties  to  the  wall  3hift,  but  examina¬ 
tion  of  the  theory  of  thermal  accommodation, 
that  is,  the  probability  of  loss  of  energy  of  the 
hydrogen  atoms  during  s  collision,  suggests  that 
below  this  temperature  physical  adsorption  is 
more  likely  to  occur  than  above  it.  The  hydrogen 
atoms  may  be  trapped  on  the  wall  in  the  lowest 
temperature  region,  suffering  increased  negative 
phase  shifts  while  in  the  attractive  region  of 
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the  potential.  An  alternative  possibility  is 
that  impurity  gases  in  the  system  condense  on 
the  wall  at  these  temperatures,  changing  the 
nature  of  the  surface  adversely.  Due  to  the 
poor  quality  of  the  experimental  data  in  this 
range,  as  well  as  the  complicated  nature  of  the 
system,  no  conclusions  can  be  reached  at  this 
time. 


As  has  been  mentioned,  the  temperatures  of 
all  relaxations  are  dependent  on  observation 
frequency.  By  plotting  the  temperature-frequency 
relationship  of  Eq.  (3),  using  parameters  from 
the  literature, 3  as  in  Fig  6,  the  type  of  mechan¬ 
ism  acting  in  the  maser  can  be  suggested.  The 
graph  clearly  indicates  a  phenomenon  near  10 "2  Hr. 
for  all  relaxations.  Because  of  lack  of  polymer 
experiments  in  this  frequency  range,  as  well  as 
possible  breakdown  in  the  theoretical  model,  no 
great  importance  3hould  be  attached  to  this  fre¬ 
quency.  It  does  suggest,  however,  that  all 
measurements  are  consistent,  and  that,  a  low,  pos¬ 
sibly  zero,  frequency  mechanism  is  involved. 

Other  Experimental  Work 


Although  this  work  was  not  primarily  con¬ 
cerned  with  the  measurement  of  hydrogen  atom  sur¬ 
face  relaxation,  some  work  was  done  with  the  new 
homopolymer  sample,  TFE-t2.  Polymer  studies3 
have  shown  that  it  is  likely  that  the  end  groups 
of  all  molecular  chains  consist  of  impurities  of 
the  type  CF2H.  Since  it  is  known  that  a  hydrogen 
containing  surface  has  large  relaxation  rates, 
and  thus  leads  to  large  atomic  linewidths,  it 
would  be  advantageous  to  reduce  surface  relaxa¬ 
tion  by  choosing  a  Teflon  with  as  small  a  propor¬ 
tion  of  end  groups  as  possible.  Since  TFE-hS  has 
a  molecular  weight,  and  hence  a  chain  length,  ten 
times  that  of  FEP-120,  this  material  would  seem  a 
likely  candidate.  Studies  of  polymer  crystalli¬ 
zation,  however,  suggest  that  the  number  of  end 
groups  on  the  surface  of  the  polymer  crystals 
would  be  reduced  by  a  factor  of  only  three  for 
the  homopolymer.  Still,  a  decrease  in  surface 
relaxation  is  Indicated. 

The  temperature  dependence  of  the  surface 
relaxation  rate  fpr  Drlftlra  and  FEP  Teflon  was 
measured  by  Berg,1*  and  thus  a  similar,  though 
leas  precise,  study  was  made  of  the  new  Teflon. 
Berg's  work  showed  that  the  probability  of  re¬ 
laxation  per  collision  could  be  fit  by  a  chemi¬ 
cal  activation  model,  p  «  a  exp(-b/kT),  where  p 
is  the  probability  of  relaxation  per  collision, 
b  tne  energy  of  activation  of  the  chemical  pro¬ 
cess,  and  T  the  temperature.  Although  the  work 
on  TFE  is  not  accurate  enough  to  distinguish  be¬ 
tween  this  model  and  others,  the  relaxation  was 
larger  at  higher  temperatures,  but  not  as  large 
as  FEP.  The  results  for  the  TFE  surface  Is  com¬ 
pared  with  Berg’s  work  in  Table  II: 


Surface  b  (eV) 

TFE  0.032  i  0.021 
FEP-1  0.089  +  0.008 
FEP-2  0.053  *  0.001* 
Drifilm  0.085  ±  0.002 


P  (300)K 

(1.67  ±  0.17  jxlO0 
(1.20  *  0.06)xl0'5 
(1.88  ±  0.05)x10-5 
(22.0  -fc  0.2  )xlO'5 


Table  II.  Surface  Relaxation  Results 


In  the  table  p(300K)  is  the  probability  of  re¬ 
laxation  at  300  K.  One  intnediate  conclusion  is 
that  the  lower  reisocation  at  high  temperature 
permits  much  more  satisfactory  operation  of  the 
maser  at  temperatures  where  the  wall  shift  is 
zero. 5  A  conclusion  that  a  different  relaxation 
mechanism  is  involved  because  of  the  different 
activation  energy  is  premature,  as  the  different 
temperature*  for  the  a  relaxation  put  the  TFE 
data  all  below  that  temperature  but  the  FEP  on 
both  sides.  Also  the  FEP  data  was  taken  on  a 
sample  which  had  a  higher  wall  shift  than  the 
samples  now  in  use.-*- 

The  probability  of  relaxation  is  not  de¬ 
creased  by  the  factor  of  three  as  hoped.  There 
is  one  further  possibility  of  decreasing  it, 
however.  It  has  been  noted  both  in  this  work 
and  in  others^  that  the  lack  of  true  melting  of 
the  TFE  dispersion  particles  leads  to  rough  sur¬ 
faces  which  can  have  an  actual  surface  area  much 
larger  than  that  expected  from  geometry.  Thus 
the  collision  rate  is  higher  than  calculated  and 
so  is  the  wall  shift  and  relaxation.  Thus  the 
development  of  techniques  giving  smoother  sur¬ 
faces  may  lead  to  both  smaller  wall  shifts  and 
narrower  linewidths. 


In  addition  to  this  work  on  Teflon,  a 
measurement  of  the  temperature  dependence  of  the 
Drifilm  wall  shift  was  made.  The  shift  becomes 
more  negative  at  higher  temperatures,  a  result 
opposite  to  both  the  Teflon  experiments  and  the 
general  expectations  of  the  theory.  However, 
the  theory  considered  only  kinematical  (motional) 
temperature  effects.  It  is  possible  that  in 
Drifilm  the  higher  temperature  atoms,  in  penetra¬ 
ting  further  into  the  surface  material,  enter 
regions  of  higher  perturbing  potentials  than  is 
the  case  of  Teflon,  where  the  tight  fluorine 
sheath  around  the  carbon  core  prevents  such  pen¬ 
etration. 


Directions  of  Future  Work 

The  applications  of  this  study  for  frequency 
control  work  has  already  been  started  by  other 
workers.1?  For  better  understanding  of  the 
nature  of  the  hydrogen- surface  interaction  two 
sets  of  future  experimental  programs  are  sug¬ 
gested.  First,  measurement  of  the  surface  re¬ 
laxation  and  surface  frequency  shift  on  the 
same  coating  as  a  function  of  temperature  should 
help  to  clarify  the  nature  of  both  phenomena  and 
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also  their  relation  to  the  phase  changes  in  the 
Teflon  material.  Second,  there  are  several 
quite  pure  fluorocarbon  substances  available 
that  would  condense  to  form  solid  surfaces  at 
temperatures  near  90  K.  A  comparison  could  be 
made  between  the  wall  shift  (hopefully  as  a  func¬ 
tion  of  temperature)  and  the  pressure  shift,  ob-  . 
tained  at  temperatures  above  the  condensation 
point  of  the  gases.  This  comparison  would  il¬ 
luminate  the  difference  between  the  two-body 
collisions  leading  to  the  pressure  shift  and  the 
many -body  effects  acting  in  the  wall  shift. 
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Summary 

The  use  of  high  molecular  weight  Poly- 
tetraf luoroethylene  (PTFE)  as  a  wall  coat¬ 
ing  for  the  atomic  hydrogen  maser  appears 
to  offer  some  real  advantages.  By  operat¬ 
ing  the  maser  bulb  at  a  temperature  where 
the  wall  shift  is  zero  the  affects  of  bulb 
size,  shape  and  the  surface  texture  of  the 
coating  can  be  eliminated.  Coatings  of 
PTFE  can  be  applied  in  two  quite  distin¬ 
guishable  conditions;  quenched  and 
annealed.  It  is  believed  that  the  quenched 
coatings  offer  good  reproductivity  of  the 
zero  wall  shift  temperature.  The  annealed 
coating  has  a  higher  zero  wall  shift 
temperature  and  appears  to  offer  somewhat 
lower  relaxation  rate  than  the  quenched 
coating. 

The  results  from  some  initial  experi¬ 
ments  are  presented  to  support  these 
contentions.  Further  work  on  wall  coatings 
is  in  progress. 

Introduction 

Recent  studies1  of  the  temperature 
dependence  of  the  wall  shift  in  the  atomic 
hydrogen  maser  have  shown  that  the  average 
phase  shift  per  collision  can  be  made 
positive  or  negative  with  respect  to  the 
phase  of  the  free  hydrogen  oscillating 
dipole  moment.  We  expect  that  the  temper¬ 
ature  at  which  a  zero  average  phase  shift 
per  collision  occurs  is  a  property  of  the 
chemical  nature  of  the  walls  and  not  of  the 
mechanical  surface  conditions.  By  operating 
at  this  temperature,  masers  with  bulbs  of 
any  size  and  surface  condition  should 
oscillate  at  the  same  frequency,  provided 
that'  their  surfaces  are  of  the  same  type  of 
material  and  free  of  contamination.  The 
surface  conditions  will  affect  the  relaxa¬ 
tion  race  and  for  this  reason  the  wall 
collision  rate  should  be  kept  as  small  as 
possible. 

High  molecular  weight  Poly tetraf luoro¬ 
ethylene  (PTFE)  films  cast  from  water 
dispersed  resin  are  of  particular  interest 
since  these  materials  have,  on  the  average, 
about  ten  times  the  molecular  weight  of  the 
t et ra f luoroe thy  lone  (FEP)  copolymer  most 
often  used  as  a  wall  coating  material.  The 
PTFE  material  should  have  fewer  end  groups 
exposed  to  the  atomic  hydrogen  in  the  bulb. 


The  end  groups,  chiefly  CF2H  can  contrib¬ 
ute  a  significant  area  of  sites  contain¬ 
ing  bound  hydrogen  that  result  in  larger 
negative  values  of  phase  shift  per  col¬ 
lision  than  the  fluorine  sites  and  can 
also  contribute  substantially  to  recom¬ 
bination  processes  (and  consequently  to 
relaxation)  since  the  end-group  hydrogen 
atom  is  much  less  energetically  bound 
than  the  fluorine  atoms.  The  tetra- 
fluoroethylene  homopolymer  can  be  almost 
completely  crystallized  by  the  very  care¬ 
ful  and  slow  annealing  through  the  range 
340°C  -  295°  C.  This  should  result  in  a 
30-fold  reduction  in  porosity  to  gases 
and  the  possibility  of  much  reduced 
hydrogen  collision  rates. 

Studies  of  PTFE2  have  shown  that  the 
change  in  the  ordering  of  the  amorphous 
PTFE  teflon  known  as  the  alpha  transition 
is  at  a  higher  temperature  than  the 
temperature  for  zero  wall  shift  making 
this  temperature  a  viable  operating  point. 

Experimental  Techniques 
The  Reference  Oscillator 

A  reference  standard  was  used  to 
obtain  the  wall  shift  data  and  relate 
the  data  taken  over  a  time  interval  of 
several  months.  The  reference  oscillator 
used  to  provide  the  frequency  datum  was 
compared  with  the  Harvard  reference  maser 
and  with  the  N.B.S.  Maser  using  a  travel¬ 
ing  maser  frequency  standard.  This 
measurement  is  described  by  Hcllwig  et  al 
(1970)1  and  is  part  of  an  experiment  to 
determine  the  unperturbed  Hydrogen  Hyper- 
fine  Transition  r.equency.  The  wall  shift 
of  che  reference  oscillator  was  determined 
to  be  -.022  +  .002  Hz  at  319°K.  This 
value  has  been  used  in  all  the  measurements. 

Working  Maser 

The  working  maser  used  for  measuring 
the  effect  of  temperature  on  wall  shift 
is  a  modified  Varian  H-10  series  maser. 

The  r.f.  power  supply  to  the  dlssoclator 
discharge  was  made  to  be  controllable 
so  as  to  permit  variation  of  the 

*  This  work  is  supported  by  NASA,  under 
Contract  NSR-09-015-098. 
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dissociator  efficiency  and  consequently  the 
flux  rate  of  atoms  into  the  bulb.  By  using 
automatic  cavity  tuning  techniques^  much  of 
the  effort  required  to  tune  the  maser  has 
been  avoided. 

Serious  problems  with  magnetic  quench-1 
ing  were  encountered  at  high  cavity  and 
bell  jar  temperature  due  to  thermal  gradi¬ 
ents  across  junctions  where  different 
metals  came  into  contact.  All  the  oven 
cylinders,  the  solenoid  and  the  bell  jar 
components  were  electrically  insulated 
from  each  other.  The  problem  has  been 
almost  completely  eliminated  and  it  is 
possible  to  operate  over  a  range  of  mag¬ 
netic  fields  from  0.7  to  100  millioers teds 
with  very  little  variation  of  signal  ampli¬ 
tude  when  the  maser  is  oscillating  near 
threshold.  For  wall  relaxation  measure¬ 
ments  the  residual  magnetic  quenching  is 
still  not  entirely  negligible. 


bulb  during  the  curing  cycle.  The  oxygen 
was  of  high  purity  and  was  passed  through 
a  cold  trap  at  -78.5°C  (dry-ice)  prior  to 
entering  the  bulb.  At  the  end  of  the  20 
minute  curing  cycle  the  bulb  was  quickly 
removed  from  the  oven  and  cooled  by  a 
draft  of  room  temperature  air.  In  this 
condition,  the  bulb  is  considered  to  be 
quenched . 

The  subsequent  annealing  cycle  that  is 
required  for  crystallizing  the  PTFE  coat¬ 
ing  consists  of  placing  the  bulb  in  a 
specially  controlled  oven  with  the  same 
oxygen  flow  and  cooling  the  oven,  in  a 
steady  rate,  from  340°C  to  290°C.  The 
bulb  was  removed  from  the  oven  at  290'C 
and  cooled  in  air  to  room  temperature. 

Experimental  Data 

Relation  of  W  - 11  Shift  to  Phase  Shift  per 
Collision 


The  maser  bulb  and  cavity  were  both 
enclosed  in  the  maser  vacuum  system.  The 
bulb  temperature  was  measured  by  measuring 
the  cavity  temperature  by  means  of  a  ther¬ 
mocouple  after  allowing  a  4-day  period  for 
thermal  equilibrium  of  the  bulb-cavity- 
bell  jar  assembly. 

Maser  Bulbs 


The  quantity  of  interest  is  the 
average  phase  shift  per  collision. 

This  quantity  is  related  to  the  wall 
shift  by  the  following  expression: 


Bulbs  of  7"  and  4"  diameter  were  used 
for  taking  wall  shift  data  as  a  function  of 
temperature. 

These  bulbs  were  equipped  with  integral 
collimators  chat  were  coated  with  the  bulbs 
in  order  to  be  assured  that  hydrogen  atoms 
would  encounter  only  one  kind  of  teflon 
surface.  Figure  1  shows  a  bulb  of  4" 
diameter  with  integral  collimator. 

Coating  Procedures 


is  the  wall  shift 

and  V^c  is  the  wall  collision  rote.  The 
collision  rate,  ^)«-  is  related  to  -t?  , 

the  average  velocity  and  the  mea  i  free 
distance  X.  by  • 


,  'A 

For  a  sphere  and  ‘ir  *  \ -.r»fi / 

The  resulting  expression  relating  average 
phase  shift  with  bulb  radius,  wr.ll  shift 
and  temperature  is 


Vne  bulbs  were  chemically  cleaned  by 
usin,  a  water  solution  of  nitric  acid  and 
rinsed  with  several  changes  of  hot  distilled 
water.  No  attempt  was  made  to  roughen  the 
Interior  surface  of  the  bulbs. 

The  coating  material  consisting  0f  a 
mixture  of  10%  Triton  X-100,  30%  Teflon  42 
(duPont),  and  40%  distilled  water  was  care¬ 
fully  poured  into  the  bulb  to  be  coated, 
swirled  around  to  cover  all  the  interior 
surface  and  drained  out.  The  wet  bulb  was 
then  placed  on  a  rack  with  a  small  diameter 
tube  extending  upwards  into  the  collimator. 

A  flow  of  approximately  1  cm3/minute  of  dry 
nitrogen,  at  room  temperature  was  allowed  to 
flow  into  the  bulb  to  dry  the  coating. 

The  bulb  was  then  cured  in  a  horizontal 
air  flow  oven  for  20  minutes  at  SbC’C.  A 
very  small  flow  of  oxygen  was  piped  into  the 


0C r)=  S-7 ! 

y'  /pfi 

The  data  are  plotted  in  figure  2  in 
terms  of  average  phase  shift  per  wall 
collision.  It  is  seen  that  the  4"  and  7" 
quenched  bulb  data  lie  very  nearly  on  the 
same  straight  line.  The  least  squares  fit 
on  each  set  of  points  is  as  follows: 


7"  bulb. 


-53.36  +  1.37  +  (0. 1503+.004)T 
0  at  355°K 


4"  bulb 

■ 

8 


-56.53  +  1.5  t 
0  at  355. 1°K. 


(0.159+. 005)T 
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The  same  4"  bulb  was  then  annealed  and 
data  on  It  are  shown  In  the  same  figure. 

Since  we  wanted  to  get  data  in  time  for  the 
conference  we  did  not  have  time  to  allow  the 
bulb  and  cavity  to  come  to  thermal  equilib¬ 
rium  and  consequently  the  scatter  is  larger 
than  for  Che  previous  data.  We  have  for  the 
4"  annealed  bulb 

&<*)  -  -39.09  +  3.67  +  (.0903+. Oil) 

^  0  at  432. 9°K. 

In  both  cases  the  data  excluded  the  5 
circled  points  in  figure  2. 

Summary  of  Data 

Table  1  is  a  summary  of  these  prelimin¬ 
ary  data  and  a  comparison  with  other  data. 

It  should  be  noted  here  that  the  Teflon 
42  used  in  all  the  data  shown  in  this  table 
is  from  the  same  sample  of  Teflon  42  ob¬ 
tained  by  the  Smithsonian  As t rophy oica 1 
Observatory  from  E.I.  duPont  de  Nemours  and 
Company  on  July  29,  1969.  This  sample,  which 
was  donated  to  SAO  by  duPont,  is  identified 
as  Blend  <7889  2,  7.  solids  34.3.  It  should 
further  be  noted  that  the  coating  procedure 
used  by  Hellwig3was  similar  to  the  quenched 
procedure  described  above  except  for  the 
very  rapid  cooling  employed  in  the  present 
experiment . 

It  is  possible  to  extrapolate  to  zero 
wall  shift  from  data  shown  in  the  "quenched" 
plot  of  Figure  2.  By  using  the  least 
square  fit  to  a  straight  line  for  the  4"  and 
7"  bulbs  quenched  data,  recalculating  the 
wall  shift  at  4  temperatures  And  plotting  the 
results  vs.  the  reciprocal  of  the  bulb  diame¬ 
ter  one  obtains  the  plot  shown  in  Figure  3. 

Figure  3  illustrates  an  interesting 
point  and  leads  vis  to  a  new  method  of  de¬ 
termining  the  wall  shift.  Thi  ,  figure  is, 
in  fact,  a  plot  of  wall  shift  /ersus  col¬ 
lision  rate.  Collision  rate  depends  on  the 
bulb  geometry  and  on  the  collimator  geometry; 
the  effect  of  the  latter  is  still  not  well 
understood. 

In  making  wall  shift  vs  collision  rate 
plots  using  several  bulbs  we  make  the  follow¬ 
ing  two  assumptions: 

1.  That  the  walls  of  the  two  bulbs  are 
exactly  the  same; 

2.  That  we  know  the  collision  rate  of 
the  hydrogen  atoms  in  each  bulb. 

The  plot  of  wall  shift  vs  I/O  at 
different  temperatures  shows  us  that  the 
convergence  point  is  not  at  I/O  “  0  but 
somewhere  near  1/D  ■  .008.  Here  the 

convergence  is  good  and  lie3  within  2  mHz 
of  our  calibration.  Judging  from  the  data 


it  appears  that  we  are  making  a  consis¬ 
tent  error  in  the  prediction  of  the 
collision  rate.  However,  if  we  use  our 
knowledge  of  the  temperature  at  which 
the  observed  wall  shifts  are  equal  we 
have  no  longer  to  depend  on  our  know¬ 
ledge  of  the  collision  rate.  We  depend 
only  on  the  similarity  of  the  teflon 
used  in  the  two  bulbs.  The  data  is  in 
the  form  ^  «- 

.  %  y*  / 

:  Ah  +7 


where  AVe  is  an  unknown  offset  error 
and  A') to  is  the  wall  shift.  X  is  mean 
free  path  of  atoms  in  the  bulb  and  col¬ 
limator.  By  changing  X,  either  by 
changing  bulbs  (or  by  using  a  deformable 
bulb  as  suggested  by  Brenner*)  we  see  that 
the  only  condition  making  yCT)  the  same 
for_the  two  values  of  X  is  to  make 
I  =  O. 


<f)(v) 


To  illustrate  this  technique  we  have 
reduced  the  data  discussed  earlier  in  a 
different  way. 

We  find  that 


We  find  that  //  ~i 

22? .  V4F 

rnh  OtW  A- 


is  quite  linear  with  temperature  when  A>)e 
is  small.  For  the  two  quenched  PTFE 
bulbs,  wo  have  that  — 

a(t)=  i-(xk  \h-  $7(y) -<z,+  oii'f1 
vT*/w  Xj  U) 

^Cp)  *  aVk  +/zIl  ft  1  =  Ci*'**'1' 

Jt  J  T-%-  {2) 

Under  the  assumption  that  A'Je  is  the 
same  for_both_(l)  and  (2)  and  th'‘ 

crossover  occurs  where  at  a 

temperature  ^  =  Ct~Ct/ei • 

Recalculating  the  calibration  error,  we 


From  the  same  data  used  to  plot  Figure  2, 
we  obtain  a  temperature  of  intercept  of 
355. 3°K  and  a  A\^(error)*0. 2  x  10“3  Hz. 

Wall  Relaxation 


So  far,  we  have  made  wall  relaxation 
measurements  only  using  4"  bulbs.  Our 
results  confirm  the  data  obtained  by 
Zitzewitz  for  PTFE  .  At  temperatures  up 
to  100°C  we  see  no  increase  in  wail  re¬ 
laxation  rate.  Relaxation  rate  measure- 
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ments  are  being  continued  at  the  Smithson¬ 
ian  Astrophysical  Observatory  using  larger 
U'ibs  with  very  long  bulb  storage  time. 

Conclusions 


(1)  From  the  data  taken  so  far  we  con¬ 
clude  that  it  is  possible  to  operate  a 
maser  with  its  bulb  at  355°K  (82°C)  and 
substantially  reduce  the  wall  shift  and 

its  contribution  to  the  uncertainty  of 
the  maser  output  frequency. 

(2)  It  is  possible  to  eliminate  the 
uncertainty  due  to  collision  rate  in  the 
determination  of  wall  shift  by  measuring 
wall  shift  as  a  function  of  bulb  temperature 
using  several  bulbs  of  different  sizes. 
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Summary 

Two  CO2  lasers  were  separately  stabilized 
with  respect  to  either  an  SF^  absorption  cell  or 
to  the  maximum  of  the  CO2  laser  power  output 
(the  "CO2  line  center").  The  beat  frequency  be¬ 
tween  the  two  lasers  was  measured  as  a  function 
of  the  gas  pressure  and  laser  input  power.  A 
pressure  shift  in  CO2  was  observed  which  varied 
from  80  to  150  kHz  per  Torr  for  various  mixtures 
of  COg-He  or  C02-N2'He,  The  grating  used  for 
transition  selection  in  one  CO2  laser  could  pull 
the  "COg  line  center"  frequency  by  as  much  as 
±3  MHz.  The  pressure  shift  in  SF&  was  not  ob¬ 
servable. 

Introduction 

The  purpose  of  this  investigation  is  to  assess 
the  relative  merits  of  SF(,  or  CO2  itself  as  a  ref¬ 
erence  for  frequency  stabilizing  the  CO2  laser. 

In  the  case  of  SF^,  the  CO2  laser  is  stabilized 
with  respect  to  the  peak  in  the  transmission  in  an 
external  SFfc  absorption  cell  which  results  from 
the  saturation  dip  in  double  pass  absorption.  1  >  2 
This  accurately  defines  the  SF&  absorption  line 
center.  2  The  CO2  line  center  was  defined  by  the 
maximum  of  the  laser  output  power.  In  each 
case,  frequency  modulation  of  the  laser  was  em¬ 
ployed  to  find  the  line  center. 

Description  of  the  Apparatus 

Two  CC>2  lasers  with  good  passive  stability 
were  used  in  this  work.  One  mirror  of  each  laser 
was  mounted  on  a  piezoelectric  transducer  to 
allow  electrical  control  of  oscillation  frequency. 
Each  laser  could  be  frequency  stabilized  with 
respect  to  the  Lamb  dip  in  an  external  SFfc  ab¬ 
sorption  cell.  ^  In  one  of  the  two  lasers,  a  dif¬ 
fraction  grating  was  employed  as  one  reflector  to 
provide  the  selection  of  a  single  COg  transition. 
The  other  laser  was  sufficiently  short  so  that  the 
resonator  intermode  spacing  (c/2L  =  230MHz) 
was  much  larger  than  the  range  of  dominant  mode 
oscillation  on  one  transition  (AtD0ppier  z  50 MHz). 
Oscillation  on  a  single  transition  was  obtained  due 
to  this  frequency  discrimination  and  because  of  the 
familiar  rotational  level  cross-relaxation.  How¬ 
ever,  the  range  of  oscillation  on  any  particular 
transition  varied  considerably  with  discharge 
conditions.  In  fact,  only  a  few  CO2  transitions 
would  oscillate  in  this  laser.  Furthermore, 
which  particular  transitions  oscillated  and  their 
range  of  oscillation  as  well  as  the  order  in  which 
oscillation  occurred  as  the  resonator  length  was 
varied  (over  a  half  wavelength  range)  depended  on 


the  overall  length  of  the  resonator  and  on  dis¬ 
charge  conditions.  As  a  result,  this  laser  was 
generally  stabilized  to  the  strong  SF(,  dip  on  the 
CO2  P(i6)  transition,  and  parameters  of  the  other 
laser  were  varied. 

The  experimental  arrangement  used  to  sta¬ 
bilize  each  laser  was  similar  to  that  shown  in 
ref.  2,  with  two  changes.  The  mechanical  chop¬ 
per  was  eliminated  and  the  output  of  the  lock-in 
amplifier  was  amplified  and  applied  to  the  piezo¬ 
electric  transducer  along  with  a  5.  7  kHz  modula¬ 
tion  signal.  The  stabilization  feedback  loop  func¬ 
tions  as  a  simple  Type  I  servo  with  a  cross-over 
frequency  which  could  be  varied  up  to  aboutlOOHz. 

The  5.  7  kHz  frequency  modulation  of  each 
laser  was  adjusted  to  be  of  approximately  equal 
amplitude  and  phase  to  minimize  the  spectral 
width  of  the  beat  frequency  between  the  two  lasers. 
The  beat  frequency  was  obtained  (see,  e.g. ,  ref, 

3  but  without  the  AFC  feedback)  by  combining  a 
portion  of  the  output  of  each  laser  (obtained  from 
the  other  end  of  the  lasers)  together  on  a  third 
Ge.Au  detector  using  a  germanium  plate  as  a 
beam  combiner. 

Stabilization  on  SF^ 


In  the  first  experiment,  both  lasers  were 
locked  to  the  same  Lamb  dip  in  SF5,  the  strong 
dip  on  the  COg  P(16).  We  observed  that  the  beat 
frequency  could  be  shifted  by  about  ±  100  kHz  by 
introducing  afi-c  offset  voltage  (a  "bias")  at  the 
output  of  the  PAR  JB-5  lock-in  amplifier.  This 
shift  is  a  measure  of  the  slope  of  the  "discrim¬ 
inant,  "  which  in  turn  is  essentially  the  derivative 
of  the  lamb  dip  as  shown  in  ref.  2.  The  magni¬ 
tude  of  the  frequency  shift  with  bias  voltage 
depends  on  the  gain  of  the  system  up  to  the  point 
of  introducing  the  bias.  It  thus  depends  on  the 
laser  power,  the  transmission  of  the  cell  and  the 
PAR  gain  setting.  However,  when  the  system  was 
adjusted  to  zero  bias,  i.e. ,  to  achieve  zero  cor¬ 
rection  voltage  at  the  piezoelt-tric  transducer  for 
zero  input  to  the  lock-in  amplifier,  the  observed 
beat  frequency  was  independent  of  the  COg  laser 
power  and  the  electronic  system  gain.  In  addition, 
no  consistent  shifts  in  the  beat  frequency  between 
the  two  lasers  was  observed  as  the  SF(,  pressure 
was  varied  over  10-100  mTorr.  Below  -lOmTorr, 
the  beat  frequency  jumped  to  approximately  5  MHz  - 
because  the  laser  shifted  over  to  lock  on  the  COg 
laser  power  maximum  which  is  discussed  below. 
This  establishes  a  crude  upper  limitfor  the  pres¬ 
sure  shift  in  SFg  of  about  600  kHz  per  Torrwhich, 
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compared  to  the  laser  frequency  of  3  x  10^  Hz  rep¬ 
resents  a  relative  stability  of  2  parts  inlO^/mTorr . 

Stabilization  on  the  CO^  Line  Center 


For  the  remaining  experiments,  the  SF&  ab¬ 
sorption  cell  for  the  "grating"  laser  was  evacu¬ 
ated  so  that  this  laser  was  stabilized  to  the  maxi¬ 
mum  of  the  CO2  laser  power  output.  The  pres¬ 
sure  in  that  laser  was  then  varied  and  the  beat 
frequency  was  recorded  as  a  function  of  pressure. 
We  observed,  in  fact,  that  the  grating  had  a 
greater  effect  on  the  oscillation  frequency  than  the 
laser  pressure.  As  a  result,  we  calibrated  the 
tilt  angle  of  the  grating,  and  at  each  pressure, 
we  recorded  laser  output  power  and  beat  frequen¬ 
cy  for  each  of  eight  or  more  angular  positions  of 
the  grating. 

The  data  were  first  plotted  as  laser  power 
vs.  beat  frequency  with  the  grating  angle  as  a 
parameter,  and  the  maximum  of  a  smooth  curve 
through  these  points  was  taken  as  the  "0"  grating 
angle.  The  measured  values  of  beat  frequency  vs 
gas  pressure  for  various  grating  angles  are  shown 
in  Figs.  1-4.  In  Fig.  1,  only  the  helium  pres¬ 
sure  was  varied,  with  a  fixed  CO2  pressure  of 
3Torr.  The  helium  pressure  was  increased  by 
3  Torr  between  each  set  of  data  points.  This 
data  is  not  inconsistent  with  the  expected  pulling 
of  a  broad  resonator  (i.e.  ,  the  grating)  shifting 
the  maximum  power  output  due  to  the  narrower 
CO2  laser  gain  profile.  The  pulling  increases 
with  pressure  since  the  CO2  line  is  pressure 
broadened.  The  data  shown  in  Fig.  2  was  obtain¬ 
ed  by  decreasing  the  gas  pressure  (originally 
3.  OTorr  CO2  +15  Torr  He)  by  approximately 
2  Torr  between  sets  of  readings.  As  before,  the 
grating  pulling  appears  to  vary  linearly  with  pres¬ 
sure.  However,  it  will  be  noticed  that  the  extra¬ 
polation  of  the  lines  intersect  at  a  positive  pres¬ 
sure. 


A  similar  behavior  is  obtained  for  the  three 
component  mixture  (originally  C02:N2:He  = 

(2.  5  :  2.  0  :  5. 4)  Torr,  respectively)  shown  in  Fig. 

3.  Several  factors  must  be  considered  in  analyz¬ 
ing  this  data.  The  gas  temperature  in  the  laser 
discharge  tube  causes  a  variation  in  Doppler 
width  (A  v0  cc  TV^)  and  collision  rate  (Aij,  cc 
(nv)  oc  p  T'1/2).  In  addition,  cataphoresis  may 
cause  a  concentration  gradient  in  the  discharge 
tube-.  The  connection  to  the  manifold  was  at  the 
cathode  end.  As  a  result,  the  mixture  of  the  gas 
could  vary  as  the  pressure  was  reduced.  Addition¬ 
al  data  for  the  three  component  (CO2,  N’,  He) 
mixture  is  plotted  in  Fig.  4,  using  the  decrease 
in  laser  power  from  the  peak  power  as  a  para¬ 
meter  rather  than  the  grating  angle.'  As  can  be 
seen,  it  corroborates  the  pressure  shift  deduced 
from  the  other  data. 


Conclusion 


These  results  show  that  a  grating  (or  other 
dispersive  element)  can  significantly  shift  the  fre¬ 
quency  of  a  COj  laser  which  is  stablized  to  the 
CO2  line  center,  i.e. ,  to  the  maximum  of  its 


power  output.  The  grating  pulling  effect  would  be 
reduced  if  the  reference  provided  by  the  CC^were 
narrower.  Such  a  narrower  linewidth  CO2  refer¬ 
ence  can  be  obtained  from  a  CO2  absorption  cell 
as  recently  reported  by  Freed.  ’  If  the  grating 
effect  is  avoided,  the  CO2  line  center  provides  a 
fairly  stable  frequency  reference,  the  shift  of  CO2 
line  center  with  gas  pressure  is:  80  ±  12kHz  per 
Torr  of  He,  75  ±30  kHz  per  Torr  of  CO2:  He  = 

1.  5,  and  130  ±  50kHz  per  Torr  of  CO2;  Ng.  He  = 

2.  5  :  2.  0  :  5.  4.  The  latter  result  would  correspond 
to  a  pressure  dependence  of  4  parts  in  10^  per 
mTorr.  In  comparison,  only  an  upper  limit  to 
the  pressure  shift  in  SF(,  has  been  obtained,  and 

it  may  indeed  be  much  smaller.  Also,  one 
operates  the  SFg  cell  at  a  lower  pressure,  so  that 
smaller  pressure  changes  would  be  encountered. 

In  addition,  SFg  proviHes  a  much  narrower  line- 
width  reference,  so  •  it  is  relatively  unaffected 
by  a  grating  pulling  e  .  Finally,  all  pulling 
effects  due  to  the  laser  could  be  avoided  by  using 
an  external  frequency  modulator.^ 

P  ckiowledgement 

This  v/ork  was  sponsored,  in  part,  by  the 
Joint  Services  Electronics  Program  under  Con¬ 
tract  No.  F44620-69-C-0047. 

References 


1.  R.  L.  Barger  and  J.  L.  Hall,  "Pressure  Shift 

and  Broadening  of  Methane  Line  at  3.39 p 
Studied  by  Laser -Saturated  Molecular  Absorp¬ 
tion,  "  Phys.  Rev.  Letters  22,  4  (1969). 

2.  P.  Rabinowitz,  R.  Keller  andJ.T.  LaTourrette, 

"Lamb  Dip  Spectroscopy  Applied  to  SFg,  11 
Appl.  Phys.  Letters  14,  No.  12,  376  (June  15, 
1969). 

3.  P.  Rabinowitz,  "AFC  Optical  Heterodyne  De¬ 

tector,  "  Proc.  IEEE,  51_,  857(1963). 

4.  C.  Freed,  private  communication;  described 

by  H,  Boyne  "A  Review  of  Laser  Frequency 
Stabilization,"  in  these  Proceedings. 


276 


3  0  C02  +  <P~3)  He 

"cot*7-6-(0.08±o.Of2)p 


,VIOiL  pressure, 

Zzzzzzz r—  - 


C'°i  4n<*  varubir 


»n|]«|r,l  l,r  m"‘,uri'  CO,  >  H*  •  I.  <  „ 


,q(3.0  C02+  15  H#) 

*COj*  7,7 “  (0.075  J:  .03) 


GRATING 
_  -19 


—  44 
20  Ton 


•  7.7-  (0.130  ±0.050)P 


rC0, 


GRATING 
L  9 


TOTAL  PRESSURE 

Best  frequency  vs.  pr««>ure  (or  the  mixture  CO .  He  *  l  5:2. 0:S  4 
At  various  giatir.f  »njle» 


~  ( 3.0  C02  +  2.4  N2  +  6.3He) 
»>COt»  80-  (0.I50±.030)P 
POWER  DECREASE 


ns*t  frequency  vs.  pressure  for  ths  mixture  CO.:  N,:  Hn  J  0:2.4:6.J 
st  vsrlojt  dscrsssss  tn  User  power  due  to  ersttnc  tut 


NEW  INFORMATION  ON  THE  PHYSICS  OF  RUBIDIUM  GAS  CELLS  / 
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V.  W,  Cohen,  Brookhaven  National  Laboratory 


O7 

It  has  recently  been  found  that  the  Rb  hyper- 
fine  transition  line  width  and  frequency  shift 
due  to  collisions  can  have  a  contribution  from 
the  transient  formation  of  weakly  bound  rubidi¬ 
um-buffer  gas  molecules.  Evidence  foi  the  forma¬ 
tion  of  Rb-Kr  molecules  was  obtained  at  the 
Ecole  Normale  Superieure  by  observing  Zeeman  tran¬ 
sitions  at  different  magnetic  fields.  The  mole¬ 
cules  appear  to  be  formed  by  three-body  collisions, 
and  then  destroyed  easily  by  two-body  collisions. 

For  the  Rb°'  hyperfine  transition,  transient  mole¬ 
cule  formation  causes  a  shift  in  the  hyperfine 
frequency  during  the  molecular  lifetime.  It  can 
be  shown  that  this  gives  an  extra  contribution  to 
the  width  which  is  roughly  independent  of  pressure 
over  a  wide  range.  Hyperfine  line  widths  for 
helium  and  neon  give  no  evidence  of  such  a  con¬ 
tribution,  but  line  widths  for  argon,  nitrogen, 
and  methane  do  .  The  clearest  case  is  for 
argon,  where  the  extra  width  is  roughly  25  Hz. 

A  non-linear  frequency  shift  with 
buffer  ga6  density  is  expected  at  low  density 
and  appears  to  be  present.  The  minimum  line- 
widths  obtained  for  He,  Ne,  Ar,  N2,  and  CH4, 
extrapolated  to  zero  light  intensity  and  micro- 
wave  power,  were  II,  7,  33,  17,  and  28  Hz. 


Some  comments  will  also  be  made  on  the  two 
commonly  suggested  possible  causes  of  drift 
in  Rb°'  frequency  standards:  (1)  change  in 
the  light  intensity  or  spectral  distribution, 
and  (2)  change  in  the  collisional  frequency 
shift. 
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Summary 

In  this  paper  we  give  results  obtained 
recently  in  connection  with  the  operation  of  a 
maser  based  on  the  hyperfine  frequency  of  the 
ground  stute  of  rubidium  8 b  (3035  GHz).  Studies 
have  been  conducted  in  the  following  areas: 

Efficiency  of  a  rubidium  87  filter  used 
in  connection  with  u  rubidium  85  lamp. 

Frequency  shifts  of  the  hyperfine  transi¬ 
tion  due  to  various  buffer  guses. 

Relaxation  times  T^  and  T2  in  the  same 
buffer  gases  and  duo  to  spin  exchange 
interaction. 

Oscillation  condition  in  the  low  field 
mode. 

Introduction 

Due  to  their  possible  application  in  sys¬ 
tems  requiring  high  spectral  purity,  rubidium 
masers  have  received  particular  attention  m 
the  last  few  years,  That  property  in  expected 
from  rubidium  masers  owing  to  their  relatively 
high  power  output.  Successful 1  operation  of 
the  rubidium  87  maser  has  been  reported! .2.  ope¬ 
ration  of  rubidium  05  maser  with  external  gair 
has  also  been  reported^.  In  that  last  case  a 
stability  of  the  order  of  1  in  10!2  has  been  ob¬ 
tained  for  an  averaging  time  of  1  sec,  Howovor 
no  report  has  been  given  yet  of  the  3uccessfull 
operation  of  a  rubidium  05  maser  without  external 
feedback.  In  the  present  paper  wo  give  results 
of  measurements  of  various  parameters  whose  vulues 
are  critical  to  the  operation  of  the  maser. 

Rubidium  Maser  Basic  Principles 

The  energy  levels  of  the  ground  state  and 
of  the  excited  P  state  of  rubidium  85  in  shown  on 
figure  1.  The  hyperfine  frequency  is  3,035  GHz 
and  the  optical  resonance  transitions  and  D2 
appoar  at  a  wavelength  of  7800  k°  and  7947  A0. 

Each  of  these  transitions  has  an  hyperfino  struc¬ 
ture  and  through  proper  filtering  one  element  of 
onch  lino  ccn  be  removed,  In  the  propor  arrange¬ 
ment  line  B  of  figure  1  con  bo  removed  and  the 
lamp  filtered  in  such  a  manner  can  then  be  U3ed 
to  produce  a  population  inversion  in  an  absorption 
cell.  Thin  basic  idea  can  be  used  with  either  of 
the  two  isotopes  85  or  87.  However,  dopendingron 
the  isotope  used  care  must  be  takon  in  the  design 
of  the  filter  as  will  be  seen  bolow. 


The  experimental  arrnnrcmentn 

The  design  of  the  rubidium  85  maser  studied 
in  this  article  in  3hown  or.  figure  2  along  with 
the  associated  electronics  used  to  make  the  mea¬ 
surements.  The  maser  is  essentially  a  rubidium 
87  maser  except  that  all  isotopes  huve  been  in¬ 
terchanged.  The  configuration  is  then:  Rb&)> 
lamp  -  Rb87  filter  -  Rb85  storage  bulb  in  a 
Tb'011  cavity. 

The  lamp 

The  lump  is  a  1"  bulb  filled  with  argon  at 
a  pressure  of  2  Torr  and  traces  of  rubidium  85. 

The  bulb  13  placed  at  the  centre  of  a  3"  sphe¬ 
rical  mirror  and  is  excited  with  r.f.  power  at 
•1  frequency  of  about  70  Mils  and  a  power  of  the 
order  of  20  watts.  It  can  be  operated  either  in 
a  continuous  mode  or  in  n  pulse  mode. 

The  filter 

Filtering  of  the  lamp  in  order  to  produce 
large  population  inversions  is  not  as  easy  as 
in  tho  enso  of  the  rubidium  87  maser.  However 
it  is  still  possiblo  to  produce  an  efficient 
filtering  by  using  the  proper  buffer  gas  it:  the 
filter  ceil. 

The  line  profile  of  a  natural  rubidium  lump 
as  obtained  on  a  high  resolution  Fabrv  Perot  in¬ 
terferometer  in  shown  in  figure  3;  it  i3  seen 
that  lino  n  and  B  of  the  two  iso* opes  are  not 
exactly  coinciding,  a  situation  which  does  not 
load  to  maximum  filtering  efficiency.  However 
it  is  known  that  helium  shifts  rubidium  resonance 
spectral  linos  to  the  violet,  this  shift  being 
accompanied  by  a  relatively  more  impor¬ 
tant  broadening.  Results  of  measurements  made 
on  the  amplitude  of  the  two  hyperfine  components 
A  and  B  of  the  and  D2  transi tions  are  pre¬ 
sented  on  figure  4.  It  is  soen  that  a  muci  better 
filtering  in  obtained  for  the  D^  line.  From  tho 
graphs,  pressures  of  tho  order  of  60  to  80  Toir 
of  helium  appear  to  be  satisfactory.  These  re¬ 
sults  uro  in  qualitative  agreement  with  those  of 
Hartmann^  and  Happor®. 

The  storage  bulb 

In  tho  experiment  reported  hero  in  connec¬ 
tion  with  tho  muoer  storage  bulb,  throe  tvpo3  of 
measurements  were  performed.  Those  are  relation 
rates,  frequency  shifts,  spin  exchange  effects 
and  power  output. 
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Relaxation  rates.  Relaxation  rater)  wore  mea¬ 
sured  in  tho  dark  through  a  technique  described 
extensively  in  the  literature*’.  A  light  pulse  is 
applied  to  the  maser  and  produces  a  largo  popula¬ 
tion  imbalance.  A  microwave  pulse  is  applied 
after  the  light  pulse  and  produces  a  stimulated 
emission  signal.  This  signal  decays  at  a  rate 
V2  or  1/T2.  The  initial  amplitude  of  the  signal 
is  a  measure  of  the  population  imbalance  and  from 
its  behaviour  for  various  times  between  the  end 
of  the  light  pul3e  and  tho  end  of  the  microwave 
pulse,  the  parameter  Vi  or  ? /T^  can  be  obtained. 
Typical  results  for  various  pressures  if  argon 
and  nitrogen  are  shown  on  figu.e  5.  For  a  throe 
inch  bulb  the  smallest  relaxation  rate  appears 
at  about  10  Torr  as  in  the  e  of  the  .dium 
37  maser  and  that  value  should  be  the  pressure 
for  maximum  gain.  It  in  interesting  to  note 
that  for  argon,  the  3lope  cf  vp  ver3US  pressure 
is  smaller  than  the  slope  for  nitrogen. 


Frequency  shifts.  The  frequency  shifts  due  to 
collisions  with  buffer  gas  atoms  have  boon  mea- 
suu'd  as  a  function  of  pressure  in  the  dark  after 
the  light  pulse.  Relaxation  times  were  long 
enough  to  permit  frequency  determination  with  a 
precision  of  a  fow  hertz.  The  results  aro  given 
on  figure  6.  extrapolation  to  zero  pressure 
gives  the  unperturbed  hyperfine  frequency. 


vhf  =  3,035  ,  732,440  i  10  Hz. 


This  is  in  aggreement  wi  h  published  data 
obtained  through  benm  techniques'''.  Frequency 
shifts  can  be  interpreted  theoretically  by  an 
average  phase  shift  por  collision  in  tho  atonic 
wave  function.  It  is  thus  interesting  to  note 


the  small  phase  shift  caused  by  collisions  wi  h 
argon,  a  fact  that  is  ulso  reflected  by  the  small 
slope  of  y2  versus  pressure  for  the  samo  gas  as 
reported  earlier. 
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Spin  exchange  interaction,  Housuronent  of  vj 
and  v?  woro  also  made  as  a  function  of  tho  rubi¬ 
dium  density,  through  a  variation  of  tenpornturo 
of  the  absorption  cell.  The  results  are  shown 
in  figuro  7.  On  this  graph  v,  is  plotted  ns  a 
function  of  (vp  -  vi°)  «horo  Yl°  I3  the  vulu0  of 
y.  at  zero  rubidium  pressure.  Consequently 
( Y1  _  Vlo)  ia  a  measu-e  of  the  spin  exchange  in¬ 
teraction  y«se  and  is  effectively  equal  to  n  vr  0 
where  n  is  tho  density  vr  is  tho  relative  volocity 


and  a  the  spin  exchange  cross  section.  It  is 
somewhat  difficult  to  perform  exact  measurements 
of  and  yp  as  a  function  of  density  due  to  the 
inherent  high  gain  of  the  maser;  in  such  a  situa¬ 
tion  radiation  damping  adds  to  the  relaxation 
making  the  measured  rates  y2  appear  larger;  in 
order  to  minimizo  this  effect  we  have  made  the 
measurements  for  a  situation  where  the  cavity  is 
much  detuned; simulating  a  lower  gain.  The  slope 
of  the  lino  of  y2  versus  yise  is  2/3,  in  agree¬ 
ment  with  theory  ^, 9. 

Power  output.  Continuous  oscillations  have 
been  obtained  in  an  experimental  arrangement  in 
which  the  magnetic  fiold  was  reduced  to  a  value 
permitting  the  oveilap  of  several  transitions. 

A  power  output  of  the  order  of  10“H  watts  was 
detected;  in  thut  experiment  the  bulb  diameter 
wa3  only  3".  It  is  expected  that  with  a  bulb 
filling  entirely  the  cavity  and  pumping  from  both 
end3  of  the  cavity, a  larger  power  output  will  be 
obtained  und  that  oscillation  ootwoen  tho  field 
independent  levels  will  bo  possible. 
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Summary 

The  observation  of  a  new  type  of  non¬ 
linear  optical  effect  in  optically  pumped 
Rb87  vapor  affords  the  possibility  of  con¬ 
structing  several  new  devices,  such  as 
microwave  spin  oscillators,  microwave 
parametric  oscillators,  and  microwave 
photon  counters.  Recent  experiments  on  a 
Rb87  traveling  wave  frequency  converter 
have  yielded  conversion  efficiencies  on 
the  order  of  one  percent.  Similar  fre¬ 
quency  converters  can  be  constructed  using 
CsL33 

vapor.  The  feasibility  of  microwave 
spin  oscillators  operating  on  the  Rb87  or 
Cs133  hyperfine  transition  frequencies 
rests  on  the  availability  of  efficient 
microwave  photodetectors. 

Introduction 

For  weak  light  intensities,  a  non¬ 
linear  component  of  the  dielectric  sus¬ 
ceptibility  of  an  optically  pumped  vapor 
arises  when  the  oriented  atoms  are  driven 
by  a  resonant  magnetic  field,  causing  them 
to  undergo  magnetic  resonance  transitions. 
These  magnetic  dipole  type  nonlinear  sus¬ 
ceptibilities  can  be  calculated  using  a 
semiclassical  model  of  the  interaction  be¬ 
tween  the  atomic  system  of  the  vapor  and 
the  electromagnetic  field  of  the  light. I 
We  have  observed  parametric  frequency  con¬ 
version  in  a  vapor  of  Rb87  atoms  which 
were  optically  pumped  to  establish  a  popu¬ 
lation  imbalance  between  the  ground-state 
hfs levels  and  which  were  excited  by  a  reso¬ 
nant  microwave  magnetic  field  at  the  F=  l; 
mj  =  0  -  F=2;  mj  =  0  transition  frequency. 
Optical  pumping  of  the  hyperfine  levels  of 
Rb87  is  achieved  by  a  well-known  method.3 
Figure  1  shows  the  ground-state  hyperfine 
structure  of  the  two  isotopes  of  rubidium. 
The  D,  transition  lines  of  both  isotopes 
are  shown  as  an  example.  Rb83  has  a 
Sl/2  9roun<i  state  with  two  hyperfine 
levels  formed  by  the  coupling  of  the  elec¬ 
tron  spin,  J  = 1/2  and  the  nuclear  spin 
1  =  5/2.  These  levels  correspond  to  total 
angular  momenta  F=3  and  F=  2.  Rb87  has  a 
similar  pair  of  hyperfine  levels  in  its 
ground  state,  which  are  formed  by  the 
coupling  of  its  electron  spin  J  =  1/2  and 
its  nuclear  spin  1=3/2.  The  correspond¬ 
ing  total  angular  momenta  are  F=  2  and 
F  =  l.  The  hyperfine  levels  of  the  53Pi/2 
first  excited  states  of  both  isotopes  are 
not  well-resclved,  so  that  the  lines 
of  each  isotope  consists  practically  of 
two  hyperfine  components.  The  separation 


frequency  of  the  compoian.s  (A)  and  (B)  is 
3035  MHz,  while  the  c  xuoonents  (a)  and  (b) 
are  separated  by  58?,  M.i?, .  The  components 
(A)  and  (a)  nearly  coin.-ide  and  actually 
overlap.  Thus,  when  F’..*37  vapor  is  illumi¬ 
nated  by  Rb85  lijht,  .“,.y  the  (a)  transi¬ 
tion  of  the  Rb87  vap  >r  is  excited.  Be¬ 
cause  the  Rb87  atoms  ’  ?cay  from  the  ex¬ 
cited  state  to  both  ,  ound-state  hyperfine 
levels,  the  Rb85  ref  .  unce  light  will  tend 
to  deplete  the  F=2  vel,  while  populating 
the  F=  1  level  of  tn,  ''.b8  7  ground  state. 

Vapor  Si  .ceptibility 

The  following  i  a  brief  discussion 
of  how  the  modui  .  components  of  the  di¬ 
electric  susceptioil Lty  of  a  Rb87  vapor  is 
calculated.  Acct'-djng  to  the  optical  pump¬ 
ing  theory  of  happe.  and  Mathur,3  the 
polarizability  of  an  optically  pumped 
alkali  vapor  may  be  expressed  as  the  ex¬ 
pectation  vnlu-  -A  a  suitable  polariza¬ 
bility  operato/.  c 

(ix)  ■■  Trace  [a  p)  ,  (1) 

where  p  is  the  ground-state  density  matrix 
of  the  atomic  system.  The  polarizability 
is  related  to  the  susceptibility  (y)  of 
the  vapor  by 

'X>  =  N<a>  ,  (2) 

where  N  is  the  number  density  of  the  atoms 
in  the  vapo> .  For  weak  light  intensities, 
the  polar  .^ability  of  an  alkali  vapor  can 
be  shown  to  have  the  form4 


!a>  "  + 
* 1  L, 

F  F 
9  9 


+  L  abr(FgFg)(£(Vg)>  (3) 

F  F  ' 

g  9 

The  first  term  in  (3)  is  the  equi¬ 
librium  polarizability  aeq>  which  is  inde¬ 
pendent  of  the  state  of  the  vapor .  It 
would  be  the  only  nonvanishing  term  in  (3) 
if  the  atoms  of  the  vapor  were  randomly 
distributed  among  the  sublevels  of  the 
ground  state.  The  second  term  in  (3)  is 
the  hyperfine  structure  polarizability, 
which  is  proportional  to  the  quantity 

This  quantity  is  a  measure  of  the 
population  imbalance  of  the  ground-state 
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(8) 


hyperfine  levels.  The  two  terms  aeq  and 
ahfs  comprise  the  isotropic  polar¬ 
izability  aQ  of  the  vapor,  with 


ao  =  aoq 


+  ahfs<5^> 


The  third  term  in  (3)  consists  of  the 
gyrotropic  polarizabilities,  which  are 
proportional  to  the  expectation  values  of 
the  electronic  angular  momentum  operator 
<iJ(Fg,Fg))  within  each  hyperfine  "level, 

(F  -Fgj,  and  between  different  hyperfine 
levels,  (Fg/Fg).  When  transitions  are 
induced  either^between  Zeeman  levels  with¬ 
in  a  hyperfine  level  or  between  different 
hyperfine  levels,  the  ground-state  density 
matrix  will  contain  rapidly  oscillating 
off-diagonal  elements.  Therefore,  the 
angular  momentum  observables  (jJ,(Fg,Fg)> 
will  also  have  rapidly  oscillating  compo¬ 
nents.  As  a  result,  the  gyrotropic  sus¬ 
ceptibilities  will  contain  oscillatory 
components  which  cause  light  modulation  or 
the  mixing  of  light  waves  with  radio¬ 
frequency  fields  or  with  microwaves. 


The  fourth  term  in  (3)  contains  the 
birefringent  polarizabilities,  which  are 
proportional  to  the  expectation  values  of 
the  quadrupole  operator  (g(Fg,Fg)>.  These 
terms  may  also  be  rap idly^oscillating  when 
magnetic  resonance  transitions  in  the  vapor 
are  excited;  however,  it  may  be  shown  that 
when  only  the  0-0  hyperfine  transition  is 
driven,  the  birefringent  susceptibility 
does  not  have  an  oscillating  component. 

The  expectation  value  of  the  elec¬ 
tronic  angular  momentum  operator  J  can  be 
written  as 


<J>  =  Trace  (j  pj  ,  (5) 

when  the  0-0  transition  is  driven.  The 
oscillating  parts  of  (5)  are 

<J(12»  =  <10|J|20>P2  j 

zu,  1U  (6) 

<  J ( 2 1 )  >  =  <20|,j|l0>pl0t20  , 

where  (10|j|20>  is  the  matrix  element  of 
angular  momentum  between  the  F=l,  mf  =  0 
and  the  F  =  2,  m£  =  0  states.  The  term 
P20.10  wJl0Se  magnitude  is  often  referred 
to  as  the  coherence,  is  the  off-diagonal 
density  matrix  element  between  the  F=2, 
m£  =0  and  the  F=l,  m£  =  0  states.  It  can 
be  easily  shown  that 

p20,10  =  p 10, 20  ' 

In  the  case  where  a  small,  static 
magnetic  field  establishes  the  z-axis  of 
the  coordinates,  and  a  microwave  magnetic 
field  which  excites  the  0-0  transition 
also  lies  along  the  z-direction,  we  can 
write 


<20|JZ|10>  =!/2k 
<10|JZ|20>  =  1/2  k 

A 

where  k  is  a  unit  vector  along  the  z- 
direction.  Since  the  Rb^?  vapor  is  placed 
inside  a  microwave  cavity,  the  microwave 
magnetic  field  will  have  the  form  of  a 
standing  wave.  A  standing  wave  can  be 
considered  as  composed  of  two  traveling 
waves  propagating  in  opposite  directions. 

We  assume  that  the  light  wave  can  only 
couple  with  one  of  the  traveling  waves, 
and  that  the  other  one  may  be  neglected. 

We  therefore  write  the  magnetic  field  in 
the  form 

i(Kz-  id  t) 

Hi=  TCjO  m  +  c.c.  (9) 

where  c.c.  denotes  the  complex  conjugate, 
and  K  is  the  guide  wavevector  of  the  micro- 
waves.  Then  the  off-diagonal  density 
matrix  element  can  be  shown  to  be 


10,20 


M  TC,  i  (Kz  -  in  t) 
/ .  \  o _ i.  m 

10.  10"  P20,20)  h 


w  +  Auu , 
o  l 


-  i(r/2  + y- 


where  p£o  10  is  the  diagonal  density  matrix 
element  of  the  F=  1,  m£  =  0  state,  and 
P20  20  is  the  diagonal  density  matrix  ele¬ 
ment  of  the  F  =  2,  mf =  0  state.  We  define: 

uo  =  Bohr  magneton; 

uio  =  pressure-shifted  transition 
frequency ; 

A on  =  light  shift; 

1'  =  optical  pumping  rate; 

Y,  =  transverse  relaxation  time. 


A  plot  of  the  square  of  the  magnitude 
of  p^q  20  versus  the  square  of  the  magni¬ 
tude  of  the  microwave  field  for  the  on- 
resonance  case  (ium  =  u)Q  +  An  t)  is  shown  in 
Fig.  2.  Typical  experimental  values  of 
P,  Yf,  and  Y2  were  used.  The  quantity 
| P 10  2ol2yis  seen  to  increase  linearly 
with’lH;]  2  for  small  values  of  |Kf|2. 

| P 10  20  |2  eventually  reaches  a  maximum  and 
goes’ to  zero  for  large  values  of  |HjJ  , 
where  saturation  occurs.  From  (2),  (3), 
(6),  (7),  (8),  and  (10),  we  see  that  the 
oscillating  part  of  the  gyrotropic  sus¬ 
ceptibility  is  given  by 


=  4  (pio,10“  p20,20)  *  4 
.  .  i(  K2  —  ) 

/aqt  d2  5^)^© 

Naoi(i  - 1  +  3uT )  +  i(r/2  +  y?) 

m  °  *  *  -  (Kz  -  w  t) 


+  aqt(21;»)TC1o 
"m  ”  To  +/-17)-  i(’*'/2  +  V2) 


,}kX.Ul) 
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We  can  define  from  (11)  an  up-coupling 
susceptibility  x+  of  the  form 

x+  =  4  (p10,10  "  p20,20*  x 


(  -i 

NtJol(u)m~  <D^  +  AtD^)  +  i(lV2+  Y,)j  ■ 


This  relates  an  electric  polarization  P(id+) 
to  a  magnetic  field 

i(Kz-uu  t) 

K,  e 

and  an  electric  field 


m 


e  e 


i(Kz  -  iut) 


according  to 


P(w+)  =  X+(«»+  -  ^  +  u,m)£jX 

i(  (K  +  k)  z  -  (id  +  a)  )  t] 

e  e 


(13) 


Similarly  we  can  define  from  (11)  a  down¬ 
coupling  susceptibility  x_  of  the  form 


-  =  4  *p10, 10  “  p20,20*  * 
f  «qt(21J») 

N*o  Cf% -  %  +  )  -  i  (f/2  +  Y,) 


•}  ,  04) 


which  relates  a  polarization  P(uu  )  to  a 
magnetic  field  t)~ 

JC*  e  m 

and  an  electric  field 

e  e1^2-^5  , 

according  to 

£(“>_)  =  xj'»_  = 

i  ( (K  -  k)  z  -  (id  -  id  )  t) 
e  e  m  (15) 

The  susceptibilities  x+  and  x_  are 
functions  of  optical  frequency,  as“ 
agt(12jiu)  and  agt(21jiD)  are  functions  of 
optical  frequency.  Figure  3  shows  the 
frequency  response  functions  agt(12ja))  and 
agt(21ju)). 

Wave  Equation 

Having  defined  the  ndnlinear  polar¬ 
izations,  we  may  incorporate  them  as 
source  terms  in  Maxwell's  Equations  to  ob¬ 
tain  the  sideband  solutions.  We  begin  with 
the  wave  equation, 

1  a2S 


32P 


VXVXE  - 


o  2 

c-  at 


4n 


at' 


(16) 


If  the  carrier  light  wave  is  represented 
by  a  superposition  of  plane  harmonic  waves 
propagating  in  the  positive  z-direction, 
the  electric  field  of  a  particular  Fourier 


component  will  have  the  form 

E(<u)  =  e(u),z,t)el(k2_  u)t)  +  c.c.,  (17) 

where  k=iu/c.  If  we  assume  that  the 
amplitudes  of  all  the  light  waves  propa¬ 
gating  in  the  vapor  are  slowly  varying 
with  respect  to  time  and  distance,  then 
(13)  can  be  simplified  to  the  form 

+  1  _  2ui  -i(kz-u)t) 

az  c  at  ;  me  at  (*L8) 

The  polarization  P  can  be  written  as  the 
sum  of  two  parts:"” 

P  =  PL  +  P1^  .  (19) 

The  linear  part  of  the  polarization  has 
the  form 


PL(U)1  =  x0(u>)E(ui)  ,  (20) 

where  XoW  i-s  the  isotropic  susceptibil¬ 
ity  at  frequency  id  given  by 

X0(tu)  =  N(ao(uj))  .  (21) 

The  term  (a0>  is  defined  in  (4).  We 
can  see  from  Fig.  3  that  the  up-coupling 
and  the  down-coupling  susceptibilities 
are  sizable  only  in  the  vicinity  of  the 
atomic  transitions.  Therefore,  for  a 
carrier  wave  of  frequency  m  which  is  near 
a  Rb87  transition  frequency,  we  can  assume 
that  coupling  takes  place  in  the  vapor 
only  to  an  upper  sideband  of  frequency  u)+ 
and  to  a  lower  sideband  of  frequency  u>  . 
All  other  sidebands  may  therefore  be 
neglected,  and  we  may  write  the  nonlinear 
parts  of  the  polarizations  as 

PNL(w+>  =  X+(«+  =  %  +  tu)¥iX 

i((k+  K)z-  (tD  +  u)  )t] 

&L  e  m 

pnl(w)  =  (x  (*--«„  +  «> JxTx 
Sl-x  +  +W_)?S1X 

5l)ei(kz-u,t)  . 

PNL(oi_)  =  X_(«»_“HDm+m)JCjX 
i  [  (k-K)  z  -  (u>-  uj  )  t] 

£1  o  m  (22) 

Substituting  (20)  and  (22)  into  (18), 
we  obtain  a  set  of  three  coupled  .a- 
tions  for  the  steady-sta*-"  ^mplj.cudes  of 
the  carrier  wave  and  the  two  sideband 
waves : 
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3£  £<u-+)  =  2nik[x0(u>+)£(u>+) 

i(K-  k  +k)  z. 

+  X+  K^e^ujJe 


-^■e(u>)  =  2iTik[xo(iu)e(aj) 

*  -i(K-  k  -  k)z 

+  x.K1XaL(«'+)s 


i(K  +k  -  k)  z-, 

+  X.&X  ^(wje  ‘  ]  ; 

^■e(u>_)  =  2nik[x0(uJ_)£(iu_) 

.  -i(K  +  k  -k)z-. 

+  X_  ,  (23) 

where  k  =  ou  /c  and  k_  =  u)_/c.  From  the 
cross  products  in  (23),  we  can  see  that 
for  a  linearly  polarized  carrier  wave, 
the  sideband  waves  are  generated  with  a 
linear  polarization  which  is  orthogonal  to 
that  of  the  carrier  wave.  By  manipulating 
(23),  we  can  show  that  the  optimum  cou¬ 
pling  takes  place  between  the  carrier  and 
the  upper  sideband  when  the  condition 


"(“V54*  ~  n(ui)k+K  (24) 

is  satisfied.  The  terms  n(ui+)  and  n(ui) 
are  the  indices  of  refraction  of  the  vapor 
at  frequency  u)+  and  at  respectively. 
Similarly,  it  may  be  shown  that  optimum 
coupling  between  the  carrier  and  the  lower 
sideband  take.*.-  place  upon  satisfaction  of 
the  condition: 


n(u)_)k_  =  n (u) ) k  -  K  .  (25) 

The  term  n(w_)  is  the  index  of  refraction 
of  the  vapor  at  frequency  iu_.  The  index 
of  refraction  n(oj)  is  related  to  the  real 
part  of  the  isotropic  susceptibility  by 

n (tu)  =  1  +  2 1!  Xq (w)  .  (26) 

Since  x0  is  a  function  of  the  number  densi¬ 
ty  of  atoms  in  the  vapor  and  the  popula¬ 
tion  imbalance  between  the  hyper fine 
levels,  the  phase-matching  conditions  (24 
and  25)  depend  on  the  temperature  of  the 
resonance  cell  and  the  e>  tent  to  which  the 
vapor  is  optically  pumped.  The  guide  wave 
vector  K  of  the  microwaves  can  bo  adjusted 
to  meet  the  conditions  of  either  (23)  or 
(24),  It  is  usually  not  possible  to  phase 
match  to  both  the  upper  and  lower  sidebands. 

'•  igure  4  shows  the  theoretically  cal¬ 
culated  results  of  passing  a  carrier  beam 
of  Rb85  light  thrgugh  a  40-cm  length  of 
optically  pumped  Rb8'  vapor  with  hyper fine 
coherence.  This  figure  3hows  the  spectral 
profile  of  the  emerging  light  from  the 
cavity  as  the  vapor  temperature  was  varied 
from  50° C  to  70° C,  while  the  guide  wave¬ 


length  of  the  microwaves  was  adjusted  for 
perfect  phase  matching  between  the 
carrier  and  the  upper  sideband  at  each 
temperature.  Typical  parameters  were 
again  assumed  for  the  vapor.  Since  the 
phase-matching  condition  can  only  be  main¬ 
tained  for  a  frequency.  This  frequency 
was  chosen  as  -40  mK.  The  initial 
spectral  profile  of  the  Rb88  light  is 
represented  ->y  two  rectangular  hyperfine 
components,  each  of  which  is  of  unit 
height  and  50  mK  in  width.  After  passing 
through  the  Rb87  vapor,  the  Rb85  lines  are 
seen  to  be  partially  absorbed  as  a  result 
of  overlapping  with  the  Rb87  absorption 
lines.  However,  well-resolved  sidebands 
have  also  appeared  in  the  spectral  profile 
of  the  emerging  light.  One  sees  from 
Fig.  4  that  at  70°C,  the  upper  sideband 
mte.  sity  can  be  as  large  as  10%  of  the 
initial  carrier  intensity. 

Experiment 

The  experimental  apparatus  used  for 
our  investigations  is  shown  in  Fig.  5.  A 
cylindrical  microwave  cavity  was  con¬ 
structed  from  a  stack  of  brass  piates, 
spaced  1  cm  apart.  A  hole  of  6.5-cin  diame¬ 
ter  was  cut  in  the  center  of  each  plate. 

A  photograph  o£  the  cavity  is  shown  in 
Fig.  6.  The  cavity  was  terminated  at  one 
end  by  a  plate  with  a  smaller  diameter 
hole  (-3  cm)  and  at  the  other  end  by  a 
section  of  ordinary  cylindrical  waveguide 
and  a  perforated  shorting  plate.  The 
cavity  operated  in  the  TEq^  roode.  A 
cylindrical  quartz  cell,  filled  with  a 
small  amount  of  Rb8'  metal  and  nitrogen 
buffer  gas  at  a  pressure  of  about  12  Torr, 
was  placed  in  the  cavity.  The  cell  temper¬ 
ature  was  maintained  at  65s C.  The  dimen¬ 
sions  of  the  quartz  tube  were  chosen  so 
that  the  dielectrically  loaded  cavity  had 
the  proper  guide  wavelength  to  satisfy  the 
phase-matching  condition  (24).  The  Rb87 
cell  was  pumped  by  resonance  radiation  from 
a  long  Rb°5  lamp,  which  was  parallel  to 
the  cavity  axiss  An  elliptical  reflector 
focused  the  Rb8j  light  from  the  long  lamp 
onto  the  Rb87  absorption  cell.  Microwaves 
from  a  stabilized  klystron  oscillator  were 
used  to  induce  the  6.835  CHz  field- 
independent.  transition  of  the  Rb87  atoms 
and  to  produce  the  microwave  coherence  in 
the  vapor.  The  microwaves  were  square- 
wave  modulated  on  and  off  to  permit  obser¬ 
vation  by  phase-sensitive  detection  of  the 
accompanying  changes  in  the  probing  beam 
intensity. 

Optical  carrier  waves  were  provided 
by  a  second  Kb8^  lamp,  situated  at  one  end 
of  the  cavity.  The  carrier  beam  was 
linearly  polarised  by  the  polarizer  P^. 
After  emerging  from  the  microwave  cavity, 
the  probing  beam  passed  through  a  linear 
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polarizer  Pj,  which  was  orthogonal  to  th* 
input  polarizer  P^.  The  polarizer  P2 
served  to  remove  the  carrier  waves. 

Finally,  the  component  of  the  probing 
beam  was  frequency-analyzed  by  a  scanning 
Fabry-Perot  interferometer.  The  free 
spectral  range  of  the  interferometer  was 
1000  mK  and  the  finesse  was  about  35.  The 
intensity  of  the  central  fringe  of  the 
interferometer  was  recorded  with  a  cooled 
EMI  9558QA  photomultiplier  tube,  and  the 
photomultiplier  signal  was  detected  in 
synchronism  with  the  13-Hz  microwave  modu¬ 
lation  frequency. 

Some  typical  observations  are  repro¬ 
duced  in  Fig.  7.  Figure  7a  gives  the 
spectral  profile  obtained  with  the  appa¬ 
ratus  of  Fig.  5.  The  signals  of  Fig.  7a 
were  obtained  with  a  30-sec  integration 
time  and  a  20-min  scan  of  the  interferom¬ 
eter.  Some  of  the  width  of  the  peaks  is 
results  from  slight  drifts  of  the  inter¬ 
ferometer  during  the  sweep. 

Figure  7b  shows  the  spectral  profile 
of  the  Rb®®  probing  lamp.  For  comparison, 
a  Rb87  spectral  profile  is  shown  in  Fig. 

7c.  Two  peaks  are  visible  in  Fig.  7a. 

One  peak  is  displaced  to  the  high-frequen¬ 
cy  side  of  the  F  =  3  component  of  the  Rb88 
profile  by  ss225  mK,  which  is  the  microwave 
frequency,  while  the  other  peak  is  dis¬ 
placed  by  «a225  mK  to  the  low-frequency 
side  of  the  F  =  2  component  of  the  Rb88 
profile.  The  spectral  components  of  Fig. 

7a  do  not  coincide  with  the  spectral  com¬ 
ponents  of  either  a  Rb88  lamp  profile 
(Fig.  7b)  or  a  Rb87  lamp  profile  (Fig.  7c). 
The  peaks  in  Fig.  7a  did  not  result  from 
f luorescently  scattered  light  from  the 
long,  Rb88  pumping  lamp,  since  they  dis¬ 
appeared  when  the  probing  lamp  was  re¬ 
moved.  We  conclude  that  the  peaks  of  Fig. 
7a  are  upper  and  lower  sidebands,  which 
were  generated  by  the  microwave  coherence 
of  the  vapor.  The  sideband  power  is 
several  parts  per  thousand  of  the  carrier 
power . 

In  order  to  support  the  interpreta¬ 
tion-  of  the  peaks  in  Fig.  7a  as  sidebands, 
we  removed  the  Fabry-Perot  interferometer 
and  recorded  the  integrated  intensity  of 
sidebands  as  a  function  of  microwave  power 
(see  Fig.  8a),  while  keeping  the  microwave 
frequency  on  the  center  of  the  resonance. 
The  sidebands  attained  a  maximum  intensity 
at  a  field  strength  of  about  1.5  x  10“4 
gauss.  The  sidebands  decreased  in  ampli¬ 
tude  for  greater  or  lesser  field  strengths. 
Thus,  the  sidebands  of  Fig.  7a  have  the 
same  qualitative  dependence  on  microwave 
power  as  does  the  microwave  coherence  of 
the  vapor. 


As  a  final  check  of  the  nature  of 
the  peaks  in  Fig.  7a,  we  replaced  the 
Fabry-Perot  interferometer  with  a  Rb88 
filter  cell,8  and  we  recorded  the  intensi¬ 
ty  of  the  probing  beam  as  a  function  of 
the  filter -cell  temperature  (see  Fig.  8b). 
There  was  no  noticeable  attenuation  of  the 
probing  beam  when  the  polarizer  P2  was 
orthogonal  to  the  polarizer  P^,  i.e.  when 
only  the  sidebands  passed  through  the 
filter  cell.  The  intensity  of  the  probing 
beam  decreased  rapidly  as  a  function  of 
filter -cell  temperature  when  the  polarizer 
P2  was  parallel  to  Pi,  i.e.  when  only  the 
carrier  reached  the  filter  cell.  The  ex¬ 
periment  confirms  the  fact  that  the  peaks 
of  Fig.  7a  lie  well  outside  the  absorption 
profile  of  Rb88  vapor. 

Figure  7a  represents  some  of  the 
first  data  taken  in  ou..  experiment.  The 
observed  conversion  efficiency  was  lower 
than  we  expected.  This  was  because  some 
of  the  parameters  in  our  apparatus  were 
not  optimized.  The  phase  matching  condi¬ 
tion  of  (24)  was  not  precisely  met  and 
the  buffer  gas  pressure  in  the  resonance 
cell  was  ;,iuch  higher  than  necessary.  By 
lowering  the  N2  buffer  gas  pressure  m  the 
cell  from  12  Torr  to  5  Torr  we  were  able 
to  get  an  improvement  of  a  factor  of  five 
so  that  we  are  now  able  to  obtain  a  con¬ 
version  efficiency  of  about  1%.  By  also 
correcting  the  phase  mismatch,  we  should 
improve  the  conversion  efficiency  even 
more. 


Possible  Applications 

Perhaps  the  most  promising  applica¬ 
tions  for  this  microwave-to-optical- 
frequency  converter  is  its  use  in  a  micro- 
wave  spin  oscillator.  Figure  9  shows 
schematically  how  such  an  oscillator  might 
work.  As  we  have  already  mentioned,  for 
linearly  polarized  carrier  light,  the 
sideband  waves  are  polarized  orthogonally 
with  respect  to  the  carrier  wave.  However, 
if  circularly  polarized  carrier  light  were 
used,  then  the  sidebands  would  also  be 
circularly  polarized  in  the  same  sense. 
Beats  would  therefore  occur  between  the 
carrier  waves  and  the  sideband  waves,  and 
the  transmitted  light  from  the  frequency 
converter  would  be  intensity  modulated8 
at  the  microwave  frequency.  Hence,  for 
the  spin  oscillator,  a  circularly  polar¬ 
ized  carrier  beam  would  be  used,  and  the 
modulated  light  from  the  frequency  con¬ 
verter  would  be  detected  by  a  microwave 
photodetector.  The  microwave  output  from 
the  photodetector  would  be  amplified, 
phase  shifted  by  90° ,  and  fed  back  to  the 
cavity  where  it  drives  the  coherence  of 
the  vapor,  when  the  loop  gain  of  the 
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feedback  system  is  adjusted  to  unity, 
self-oscillation  would  occur,  and  the 
frequency  of  oscillation  would  be  fixed 
by  the  field-independent  0-0  transition 
frequency.  We  are  in  the  process  of  con¬ 
structing  Such  an  oscillator,  our  main 
problem  has  been  in  obtaining  a  suitable 
sensitive  microwave  photodetector.  We 
are  presently  using  a  crossed-f ield  photo¬ 
multiplier  tube  which  has  a  sufficiently 
large  bandwidth,  but  it  has  a  low  quantum 
efficiency  (r)  ~  10“4)  for  rubidium  De¬ 
light  and  a  small  load  impedance  (50  0) . 
Even  though  we  have  sizable  light  intensi¬ 
ty  emerging  from  the  cavity  and  the  modu¬ 
lation  index  of  this  light  is  on  the  order 
of  10%,  the  power  output  from  the  photo¬ 
multiplier  tube  is  very  low  (^lO-^  w) . 
About  70  dB  of  additional  amplification 
would  be  needed  in  order  to  achieve  oscil¬ 
lation.  Therefore,  we  are  considering  the 
construction  of  a  new  crossed-f ield  photo¬ 
multiplier  tube  with  a  GaAs  photocathode 
(r|~  8%)  and  a  resonant  load.  A  much 
larger  power  output  would  be  obtained  with 
this  new  tube  so  that  little  or  no  addi¬ 
tional  amplification  would  be  necessary 
in  order  to  achieve  oscillation. 

Since  this  optically  pumped  frequen¬ 
cy  converter  under  optimum  conditions 
takes  microwave  photons  and  converts  them 
into  optical  sideband  photons  on  a  one-to- 
one  basis,  a  sizable  power  gain  takes 
place  in  this  conversion  process.  Because 
the  presence  of  microwaves  is  necessary 
for  the  appearance  of  sidebands,  one  may 
use  this  device  as  a  sensitive  low  noise 
detector  of  microwaves.  The  ultimate 
sensitivity  of  this  device  would  probably 
be  limited  by  how  well  one  can  discrimi¬ 
nate  the  sidebands  from  the  carrier  rather 
than  by  the  thermal  noise  in  the  microwave 
cavity.  For  good  discrimination  of  the 
sidebands  from  the  carrier  one  can  take 
advantage  of  the  fact  that  for  linearly 
polarized  carrier  photons,  the  sideband 
photons  are  linearly  polarized  in  an 
orthogonal  direction.  Further  discrimi¬ 
nation  can  be  obtained  by  using  a  Rb°5 
filter  cell.  Figure  10  shows  an  arrange¬ 
ment  for  using  the  Rb°'  up-converter  as  a 
microwave  photon  counter .  Microwave 
photons  are  picked  up  by  an  antenna  and 
the  optical  sideband  photons  are  detected 
by  a  high-gain  low-background  photo¬ 
multiplier  tube.  Such  an  up-converter 
would  be  a  very  narrow  band  device  but 
could  be  made  tunable  over  a  range  of 
several  megahertz  by  operating  on  a  field 
dependent  hyper  fine  transition. 
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CESIUM  BEAM  SERVO  SYSTEM  USING  SQUARE  WAVE 
FREQUENCY  MODULATION 


H.  Daaras 

National  Research  Council  of  Canada 
Ottawa,  Ontario 


Summary 

This  paper  describes  a  new  modulation  and 
servo  system  which  is  being  tested  in  the  NRC  long 
beam  cesium  frequency  standard. 

Square  wave  frequency  modulation  is  employed: 
it  is  introduced  by  switching  between  two  separate¬ 
ly  generated  frequencies. 

The  synthesizer  producing  these  frequencies 
and  the  problems  caused  by  switching  transients 
will  be  described. 

Since  in  a  laboratory  standard  systematic 
errors  play  a  very  important  role  these  errors 
are  discussed  in  the  description  of  the  servo 
system.  The  resulting  systematic  error  as  calcu¬ 
lated  from  results  of  experiments  on  its  compo¬ 
nents  is  less  than  1  port  in  101 3 

Introduction 

The  2.1  meter  cesium  beam  standard  of  the 
Physics  Division  of  the  National  Research  Council 
of  Canada  currently  acts  as  primary  standard  of 
time  and  frequency  for  Canada.  A  cesium  beam  tube 
of  this  length  can  provide  high  intrinsic  accuracy. 
This  is  a  report  on  progress  in  developing  a  solid 
state  servo  system  to  enable  us  to  realize  this 
accuracy.  As  in  the  earlier  system  described  in 
Proceedings  of  the  1965  Frequency  Control 
Symposium1,  square  wave  frequency  modulation  is 
used  but  the  modulation  frequency  is  Increased  by 
a  factor  80.  Modulation,  which  is  in  effect  fre¬ 
quency  switching,  takes  place  in  the  12.632  MHz 
synthesizer  which  is  second  reference  in  the  final 
phase  lock  loop. 

TJie  transients  resulting  from  the  switching 
give  rise  to  certain  potential  systematic  errors. 
These  will  be  discussed  in  detail.  The  aim  has 
been  to  reduce  errors  in  the  servo  loop  to  less 
than  an  acceptably  low  level  of  Af/f  ■  5.10-11*  for 
an  averaging  time  of  10,000  seconds.  A  servo 
system  for  a  cesium  beam  standard  may  employ  sinu¬ 
soidal  or  sqjare  wave  modulation.  In  the  case  of 
sinusoidal  modulation  either  frequency  or  phase 
modulation  can  be  used;  the  resultant  r.f.  output 
signal  being  the  same  in  both  cases.  An  impor¬ 
tant  consideration  is  the  effect  of  harmonic  dis¬ 
tortion  in  the  modulation,  in  particular  due  to 
even  harmonics.  Fig.  1  a)  shows  how  an  undlstort- 
ed  frequency  modulated  signal  centered  on  a 
symmetric  resonance  produces  zero  beam  signal  at 
the  fundamental  of  the  modulation  frequency.  If 


however  second  harmonic  distortion  is  present  as 
shown  on  an  exagerated  scale  in  Fig.  1  b),  then 
although  the  carrier  frequency  of  t'.e  r.f.  signal 
is  centered  on  the  cesium  resonance,  a  signal  is 
produced  at  the  fundamental  modulation  frequency. 
The  servo  system  tries  to  compensate  for  this 
s  „nal  and  thus  produces  a  systematic  error. 

■ese  problems  are  discussed  by  Shirley2. 

Both  phase  and  frequency  square  wave  modula¬ 
tion  can  be  employed.  Square  wave  phase  modula¬ 
tion,  discussed  in  detail  by  Searle,  e.a.3’  u, 
makes  use  of  the  apparent  phase  shift  between  the 
two  r.f.  cavities  which  an  atom  observer  when  the 
phase  is  switched  during  the  time  of  flight  be¬ 
tween  the  two  cavities.  Since  a  signal  is  pro¬ 
duced  only  by  atoms  which  are  between  the  two 
cavities  when  the  phase  change  occurs  square  wave 
phase  modulation  has  to  be  used  at  a  high  enough 
modulation  frequency  that  its  period  is  similar 
to  the  inter-cavity  time  of  flight. 

Square  wave  frequency  modulation  has  been 
used  in  the  NRC  cesium  standard  since  1965  and  is 
also  used  in  the  new  standard  of  the  PTB.  In  tills 
system  the  modulation  frequency  can  be  much  lower 
than  the  frequency  deviation.  In  the  present  NRC 
system  0.1  Hz  is  used  as  the  modulation  frequency 
and  41  Hz  as  the  frequency  deviation. 

The  inherent  switching  transients  which  Cc  ise 
on  unwanted  phase  modulation  occur  for  only  .01 
second  of  the  10  second  modulation  period  and  can 
be  neglected.  In  the  new  system  at  present  being 
tested  41  2/3  Hz  frequency  deviation  is  s'ill  used 
but  the  modulation  frequency  is  increased  .o  8  1/3 
Hz.  Transients  now  have  to  be  considered  and 
either  they  must  be  eliminated  or  measures  rn.it  be 
taken  to  prevent  systematic  errors.  As  mentioi °d 
above  the  beam  current  transients  arise  from  the 
fact  that  atoms  which  left  the  first  cavity  before 
a  frequency  change  and  arrive  at  the  second  cavity 
after  the  change  observe  In  effect  a  varying  phase 
difference  of  large  magnitude  between  the  two 
cavities. 

In  Fig.  2  this  phase  difference  is  shown  for 
a  beam  of  atoms  all  of  the  same  velocity;  atoms 
arriving  at  the  second  cavity  after  the  moment  of 
swi telling  observe  that  the  phase  Increases  linearly 
with  the  time  between  the  moment  of  switching  and 
the  arrival  time: 

Ai>  "  /iw(t  -t  ) 
a  s 

t  »  arrival  time 
a 
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tg  «■  moment  of  switching 

The  value  of  A<4  is  for  a  mean  time  of  flight  of 
5. 10“ 3  s  and  Aw  =  211.2.41  2/3  =  500  : 

A<(>  =  2.5  radian. 

The  velocity  distribution  in  the  beam  smears  out 
the  transient.  The  transients  in  Fig.  2  are  both 
shown  as  positive  signais;  that  they  both  have 
the  same  polarity  follows  by  considering  (Fig. 3) 
Ramsey  resonance  patterns  for  different  values  of 
phase  difference  between  cavities.  In  one  case 
frequency  of  excitation  in  the  first  cavity  was 
low  before  switching  frequency  and  the  apparent 
phase  difference  increases  afterwards,  in  the 
other  case  the  frequency  was  high  and  the  apparent 
phase  difference  decreases. 

In  case  of  a  symmetric  resonance  pattern  and 
distortionless  modulation  therefore  the  beam 
current  error  signal  only  contains  even  harmonics 
when  the  carrier  is  centered  on  the  resonance 
pattern.  These  harmonics  are  the  equivalent  of 
the  second  harmonic  signal  produced  in  sinusoidal 
modulation.  A  symmetric  cesium  resonance  pattern 
implies  zero  phase  difference  between  cavities. 

If  this  condition  is  not  fulfilled  or  if  asym¬ 
metry  is  caused  by  C  field  distortion,  the  tran¬ 
sient  and  "steady  state"  signal  should  permit 
evaluation  of  cavity  phase  difference. 


The  system  used  for  excitation  of  the  cesium 
resonance  in  the  NRC  standard  is  shown  in  Fig.  4. 

A  phase  locked  loop  is  used  to  add  12.632  MHz  from 
a  frequency  syntneslzer  to  9180  MHz  multiplied 
from  5  MHz.  The  12.632  MHz  signal  contains  the 
square  wave  frequency  modulation,  which  Is  there¬ 
fore  transferred  to  the  9iy2.632  MHz  excitation 
signal.  In  fig.  5  the  principle  of  synthesis  of 
12.632  MHz  is  shown  in  more  detail.  12.5  MHz 
obtained  from  5  MHz  is  mixed  with  132  kHz  contain¬ 
ing  the  modulation.  The  132  kHz  center  frequency 
is  obtained  from  a  voltage  controlled  crystal 
oscillator,  and  is  phase  locked  bv  division  by  66 
and  phase  comparison  with  a  2  kHz  reference  deriv¬ 
ed  from  5  MHz. 

From  this  2  kHz  reference  are  obtained  the 
frequency  offset  for  modulation  of  41  2/3  Hz  and 
the  modulation  frequency  of  8  1/3  Hz.  These 
values  were  chosen  because  they  are  subharmonics 
of  2  kHz  and  are  not  too  harmonically  related  to 
the  60  Hz  line  frequency. 

In  Fig.  6  the  modulation  system  is  shown. 

Two  voltage  controlled  crystal  oscillators  are 
phase  locked  41  2/3  Hz  above  and  below  the  132  kHz 
reference,  and  modulation  takes  place  by  switching 
between  the  outputs  of  the  two  oscillators.  The 
modulation  frequency  of  8  1/3  Hz  and  the  frequency 
deviation  of  41  2/3  Hz  are  both  derived  from  the 
same  source.  They  and  the  132  kHz  signals  are 
present  as  square  wave  signals.  Since  they  are 
all  synchronous  the  zero  crossings  of  8  1/3  Hz 
coincide  not  only  with  (hose  of  the  132  kHz  but 


also  with  those  of  the  frequencies  41  2/3  Hz 
higher  and  lower.  Therefore  when  switching  occurs 
between  the  latter  two  signals  there  is  no  phase 
discontinuity  since  it  occurs  at  either  0°  or  180° 
phase.  There  is  thus  also  no  phase  discontinuity 
in  the  output  of  the  mixer  where  12.5  MHz  is  added 
to  the  132  kHz  signal.  The  importance  of  phase 
continuity  was  demonstrated  by  using  a  non  syn¬ 
chronous  8  Hz  signal  for  frequency  switching. 
Serious  transients  in  the  12.632  MHz  output  phase 
and  amplitude  occurred.  They  were  of  sufficient 
amplitude  to  upset  the  9192,  632  MHz  klystron 
phase  lock  loop  and  caused  the  servo  to  produce 
systematic  frequency  errors. 

The  synthesizer  was  constructed  mainly  from 
digital  intigrated  circuits.  There  are  only  two 
tuned  circuits  at  12.5  and  12.632  MHz  and  for  both 
tuning  is  not  critical.  Since  132  kHz  side-bands 
in  the  9192,632  MHz  signal  would  excite  the 
(4,3«-»3,3)  and  (4,-3-*-*-3,-3)  field  dependent  micro- 
wave  resonances,  removal  of  these  sidebands  is 
essential.  This  is  achieved  by  passing  the  12.632 
MHz  signal  through  a  crystal  filter  of  a  few  kHz 
bandwidth.  Phase  stability  over  a  period  of 
2000  sec  is  better  than  0.1  radian.  A  systematic 
error  in  measuring  the  cesium  resonant  frequency 
of  less  than  1  part  in  1015  would  be  produced  by 
gradual  phase  shift  of  such  magnitude. 


Servo  system 


The  servo  system  consists. of  an  electrometer 
preamplifier,  an  active  bandpass  filter,  demodul¬ 
ator  and  integrator.  The  Integrator  output  feeds 
the  varicap  diodes  in  the  voltage  controlled  5  MHz 
crystal  oscillator.  The  servo  loop  is  character¬ 
ized  by  an  Integration  and  one  principal  time 
constant.  In  the  new  system  the  latter  is  the  80 
millisecond  response  time  cf  the  2  Hz  wide  servo 
bandpass  amplifier.  In  the  earlier  system  it  was 
the  time  constant  of  the  hot  wire  and  electrometer 
combination  used  which  varied  from  1  to  10  second. 
From  the  formula  (Fig. 7)  for  the  open  loop  gain 
for  the  system 


KG 


K  K,  _ 
osc  det 

(1  +  ST )  sT 


where  K  ■  oscillator  sensitivity  rad/volt  sec 
osc 

Kj  ■  detector  sensitivity  volt/sec/rad 

T  ■  principal  time  constant 
T  °  integrator  time  constant 
and  the  condition  for  critical  damping: 


T 

T 


the  raa:.iB.>j5  loop  gain  is  found  to  be 
^K<^max  U  +  aT)s 

It  will  be  noted,  that  the  integrator  time  con¬ 
stant  T  has  disappeared. 

We  are  most  interested  ip.  averaging  times  for  which 


so  that  (KG) 

max 
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which  shows  the  Importance  of  a  small  time  con¬ 
stant  in  the  loop. 

Limits  to  this  time  constant,  that  is  to  the 
bandwidth  of  the  servo  amplifier  are  however  set 
by  the  presence  of  noise.  The  main  noise  source 
is  shot  noise  in  the  beam  current.  If  the  band¬ 
width  chosen  is  too  wide  the  noise  amplitude  will 
be  such  that  the  amplifier  operates  in  the  non¬ 
linear  region  and  noise  is  mixed  into  the  desired 
signal,  tn  the  design  it  was  assumed  that  noise 
peaks  exceeding  shot  noise  by  a  factor  of  10 
should  not  drive  the  operational  amplifiers  in 
the  active  bandpass  amplifier  into  saturation. 

Care  was  also  taken  that  clipping  occurred  only 
in  the  final  stage  of  amplification,  that  if.  in 
the  untuned  amplifier  and  phase  inverter  between 
bandpass  amplifier  and  synchronous  detector. 

The  beam  current  error  signal  is  first  ampli¬ 
fied  by  a  Kelthley  electrometer  operational  ampli¬ 
fier  with  a  10* 1  ohm  feedback  resistor.  This  is 
followed  by  the  bandpass  amplifier  which  uses  an 
active  3  pole  3  stage  filter  2  Hz  wide  centered  at 
8  1/3  Hz.  An  untuned  amplifier  and  a  phase 
inverter  then  supply  the  error  signal  to  a  bal¬ 
anced  MOSFET  detector.  It  was  found  that  to  avoid 
non-linearity  in  the  MOSFET  "on"  characteristics 
the  signal  had  to  be  limited;  operational  ampli¬ 
fiers  which  are  used  in  the  preceedlng  amplifier 
stages  appear  to  have  quite  symmetric  limiting 
characteristics.  The  integrator  following  the 
detector  is  chopper  stabilized  and  has  a  20  second 
time  constant. 

C.  Errors 

The  sources  of  error  signals  in  the  servo 
loop  are  shown  In  Fig.  8.  They  are  beam  noise, 
demodulator  unbalance,  integrator  offset  voltage, 
oscillator  offset  and  multiplier  output  phase 
variation.  These  are  sources  not  only  of  random 
noise  but  also  of  dc  signals  as  for  instance  inte¬ 
grator  operation  amplifier  offset  and  drift. 

These  sources  can  eacn  be  translated  into  fraction¬ 
al  frequency  deviations.  They  are  counteracted  by 
the  feedback  in  the  loop,  although  not  all  by  the 
same  amount  and  some  not  at  all.  Beam  noise  can 
not  be  eliminated  since  It  enters  at  the  same  point 
as  the  cesium  reference.  Another  error  contribu¬ 
tion  which  is  not  compensated  is  a  gradually  in¬ 
creasing  phase  shift  in  multiplier  and  synthesizer 
chains. 

For  a  systematic  error  not  exceeding 

Af  =  lO-"’ 
f 

for  a  10  hour  interval  an  upper  limit  can  be  placed 
on  all  the  factors  shown  in  the  diagram.  Examples 
are  Che  offset  voltage  of  the  integrator  operation¬ 
al  amplifier,  drift  of  the  5  MHz  oscillator,  grad¬ 
ual  phase  shifts  in  the  excitation  signal  and 
synchronous  detector  zero  signal  output. 

Calculation  of  the  different  Inherent  sources 
of  error  in  the  system  shows  that  the  possible 
error  does  not  exceed 


Af  «=  10-13. 
f 

An  error  appeared  at  first  because  of  the  8  1/3 
Hz  reference  signal  leaking  into  the  electrometer 
amplifier  through  ground  loops.  When  it  is  teal- 
ized  that  a  frequency  offset  of  10“13  corresponds 
to  an  error  signal  of  10“ 17  amp  rms,  an  interfer¬ 
ing  signal  of  this  magnitude  can  be  generated  by 
milliamps  of  reference  signal  flowing  through  a 
cable  shield. 

A  second  error  arose  from  the  8  1/3  Hz  chop¬ 
ping  frequency  for  the  synchronous  detector  and 
harmonics  of  this  signal  not  being  adequately 
filtered  by  the  integrator.  Frequency  modulation 
at  8  1/3  Hz  of  the  5  MHz  oscillator  produced  an 
error  signal  90°  out  of  phase  with  the  wanted 
error  signal.  The  integrator  output  was  there¬ 
fore  passed  through  two  3  pole  active  low  pass 
filters  of  2  Hz  and  3  Hz  cut  off  frequency. 

These  filters  also  remove  effectively  any  60  Hz 
line  frequency  components  which  might  be  present 
in  the  oscillator  control  signal. 

0.  Results 

The  short  term  stability  of  the  system  was 
tested  by  comparing  the  5  MHz  output  signal 
against  one  of  the  two  NRC  hydrogen  masers.  At 
the  same  time  the  beat  between  the  two  masers  was 
monitored.  Shcrt  term  stability  was  found  to  he 

Af  „  2  x  10-' 3 
f 

for  28  sec  averaging  time. 

Old  and  new  servo  systems  agree  to  within  1 
part  in  1013.  However  variations  using  the  new 
system  are  considerably  smaller  and  noise  pulses 
in  the  beam  current  which  upset  the  old  system 
considerably  do  not  affect  the  performance  of  the 
new  system. 

Data  currently  published  by  NRC  will  continue 
to  be  based  on  the  old  system  until  further 
evidence  has  been  obtained  to  Justify  transfer 
to  the  new  system. 
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FREQUENCY  COMPARISON  OF  FIVE  COMMERCIAL  STANDARDS  WITH 
A  NASA  EXPERIMENTAL  HYDROGEN  MASER 
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Abstract 

Recent  long  term  phase  comparisons  between  five 
commercial  cesium  team  frequency  standards  (llewlett- 
Package  Co.  Model  No.  CO2-50G1A,  a  special  modifica¬ 
tion  for  NASA  Maimed  Space  Flight  Network)  and  a  NASA 
experimental  hydrogen  maser,  designated  as  NX1,  have 
provided  data  for  a  determination  of  the  difference  in 
frequency  between  these  standards.  The  result  of  this 
comparison  is  a  mean  value  for  the  NX-1  frequency  that 
is  6.7  parts  in  10U  lower  than  the  commercial  Cs  units 
with  a  statistical  uncertainty  in  the  measurements  (JL) 
of  1.6  x  10*1J.  The  NX-1  maser  synthesizer  frequency 
is  set  according  to  the  Vessot,  etal.  (19G6)  value  of  the 
hydrogen  frequency  with  corrections  applied  for  magnetic 
field,  second  order  Doppler  and  wall  shift  according  to 
coefficients  derived  from  previous  studies  of  Vanier, 
Peters,  and  Vessot.  On  applying  the  magnetic  field  cor¬ 
rection  to  the  Cs  standards  and  assuming  the  manufac¬ 
turer's  data  on  the  dispersion  in  frequency  among  the 
commercial  units  and  their  1.3  x  10-*2  agreement  with 
NBS  III,  it  is  concluded  that  the  frequency  of  NX1  is 
1420405751.7767  ±  0.0024  Hertz. 


Introduction 

Recent  measurements  of  the  long-term  frequency 
stability  of  five  commercial  cesium  beam  frequency 
standards'  relative  to  a  NASA  experimental 'hydrogen 
maser,2  constructed  at  GSFC  and  designated  NX-1,  have 
made  possible  a  new  comparison  of  these  two  types  of 
atomic  frequency  standards.  The  result  of  this  compari¬ 
son  is  a  value  for  the  hydrogen  maser  frequency  that  is 
6.77  parts  in  1012  lower  than  that  given  by  Vessot  et  al.3 
in  1966. 

The  frequency  comparison  of  the  atomic  sta1  dards 
is  based  on  continuous  phase  difference  mease r«  ments, 
sampled  hourly,  over  the  123  days  between  May  7  and 
September  7,  1968.  The  2952  hourly  phase  difference 
data  thus  obtained  wore  punched  on  cards  for  computer 
analysis.  Frequency  data  were  obtained  by  taking  the 
time  derivative  of  successive  five-data  point  least-square- 
fits  of  the  phase  data,  using  Koenig's  approximation 
formula.4  The  frequency  data  were  then  reduced  to  yield 
the  mean  fractional  frequency  difference  between  each 
cesium  standard  and  the  hydrogen  maser.  These  figures 
were  finally  corrected  so  as  to  obtain  the  results  in 
terms  of  the  A -x  second. 


Data  Reduction 

To  obtain  the  results  shown  in  Table  1,  the  frequency 
data  weie  least-square  fitted  (LSF)  to  a  linear  equation 
for  frequency  as  a  function  of  time.  The  fact  that,  the 
total  frequency  change  over  the  entire  period  of  meas¬ 
urement  due  to  the  time  dependent  term  was  less  than 
1  -  indicates  that  the  cesium  beam  standards  exhibit  no 
systematic  lincai  frequency  drift.  However,  in  calculat¬ 
ing  the  mean  frequency  difference,  it  was  convenient  to 
take  the  sum  of  the  LSF  frequency  intercept  at  t  =  0  and 
one-half  of  the  total  frequency  change  due  to  the  LSF 
time  dependent  term  (these  two  conqioncnts  are  given  in 
Table  1).  That  this  procedure  correctly  yields  the  mean 
of  the  frequency  difference  data  can  readily  be  proved. 

An  alternative  way  for  calculating  the  mean  frequency 
difference  is  simply  taking  the  difference  in  phase  change 
between  the  final  and  initial  points  and  dividing  it  by  the 
elapsed  time.  Tins  was  correctly  pointed  out  by  Barnes 
of  NBS.  The  results,  of  course,  are  the  same. 

Corrections 

The  frequency  output  of  the  NX-1  hydrogen  maser 
is  synthesized  to  the  value  given  by  Vessot  et  al.3  in 
1966,  corrected  for  differences  in  bulb  shape,  second 
order  Doppler  shift,  and  applied  magnetic  field.  For 
these  corrections  see  appendix.  To  achieve  frequency 
outputs  which  are  in  terms  of  the  coordinated  universal 
time,  tins  synthesized  NX-1  output  and  the  output  of  each 
of  the  cesium  standards  are  offset  by  an  amount  which  is 
nominally-300  x  10  - 1 0 ,  the  UT-C  offset  for  1968,  rela¬ 
tive  to  the  defined  cesium  resonance  frequency  based  on 
the  SI  second.5 

in  the  NX-1  this  offset  is  maintained  at  exactly 
-300  x  10'10.  In  the  cesium  standards,  however,  the 
amount  of  the  offset  was  found  to  be  slightly  larger. 

Hence  the  measured  fractional  frequency  difference  be¬ 
tween  the  cesium  standards  and  the  hydrogen  maser  must 
be  corrected  for  the  difference  between  the  actual  offset 
in  the  cesium  standards  and  -300  x  10_l°. 

Tile  offset  in  the  cesium  standards  is  maintained  by 
an  internal  electronic  synthesizer  and  a  magnetic  field 
fine  tuner.  The  first  two  columns  of  Table  2  show  the 
contribution  to  the  offset  of  er  all  of  these  sources.  The 
third  column  shows  the  effect  on  the  offset  of  the  mag¬ 
netic  field  drift  which  was  observed  during  the  measure¬ 
ments.  (The  approximately  linear  behavior  of  this  drift 
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with  time,  shown  in  Figure  1,  was  used  to  compute  its 
contribution  to  the  offset.)  The  remaining  columns  of 
Table  2  show  the  total  offset  of  each  cesium  standard 
and  the  appropriate  correction  to  account  for  the  differ¬ 
ence  between  this  offset  and  -300  x  10  "10. 

After  applying  the  corrections  discussed  above,  the 
total  fractional  frequency  difference  between  each  cesium 
standard  and  the  hydrogen  maser, 


is  as  given  in  Table  3.  The  mean  fractional  frequency 
difference  for  the  five  units  is  6.77  x  10"13 .  The  devia¬ 
tion,  8 ,  of 


for  each  cesium  standard  from  this  mean  is  also  given 
in  Table  3,  yielding  a  of  ±1.11  x  10*,J. 

Estimated  Errors 

If  the  total  error  in  the  mean  fractional  frequency 
difference  is  taken  to  be  the  root-sum  square  of  oRMS 
from  Table  1,  and  iRHS  ,  from  Table  3,  a  total  error  of 
1.66  x  10'12  is  obtained.  This  is  consistent  with  the  re¬ 
sult  obtained  by  combining  the  estimated  absolute  errors 
of  the  Hewlett-Packard  cesium  standards  (1.33  x  I0',s) 
and  the  NX-1  hydrogen  maser  (1.0  x  10'12),  which yields 
a  total  of  1.64  x  10'12.  These  Individual  errors  are 
compared  in  Table  4  with  those  of  other  similar  units. 

Conclusions 

Our  measured  value  for  the  fractional  frequency 
difference  between  the  commercial  cesium  standards 
and  the  NAHA  experimental  maser  is  thus  (6.77  ±  1.66) 
x  10 "12.  Since  the  frequency  of  the  NASA  maser  is 
synthesized  to  the  1966  measurement  by  Vessot  et  al., 
our  value  for  the  hydrogen  n.aser  frequoncy  is  there¬ 
fore  ft0)  =  1,420,  405,  751.7767  ±  .0024  Hertz. 

If  this  value  is  compared  with  two  other  measure¬ 
ments  also  made  in  1968,  those  of  A.  G.  Mungall  et  al.10 
and  C.  Menoud  et  al.u  as  shown  in  Table  5,  it  is  evi¬ 
dent  that  these  three  Independent  measurements  agree 
within  their  stated  errors. 

It  is  also  Interesting  to  note  that  the  three  results 
shown  tn  Table  5  fall  within  the  error  limits  of  the 
earlier  results  of  Winkler12  and  of  Peters  et  al.1J. 

The  discrepancy  between  these  five  measurements  and 
the  measurements  of  Vessot  et  al.  ind.cates  that  further 
comparisons  are  desirable. 
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Appendix:  Frequency  Output  of  NASA 
Experimental  Hydrogen  Maser,  NX-1. 

The  hydrogen  frequency  used  to  synthesize  the 
NX-1  maser  is  based  in  the  value  given  by  Vessot  et  al.3 
in  1966,  This  frequency  is: 


v-  1,420,  405,  751.7864  ±  .0017  hertz. 

The  NX-1  synthesizer  was  set  in  accordance  with 
the  following  corrections: 

1.  Wall  Shift  -  Following  Vanier  and  Vessot's 
measurement  of  1964,  the  wall  shift  correction  for  a 
bulb  coated  with  FEP  Teflon  is  given  by 


»-£  11  +«(T-T1)J  (1) 


where 

tt'w  =  wall  shift  correction  in  hertz 
K  =  wall  shift  constant  in  hertz-inch 
*  -  wall  shift  temperature  coefficient  relative 

t°T. 

T  -•  absolute  temperature  of  storage  bulb 
T,  =  40  *  273.16  =  313.16°K 

Based  on  their  measurements,  using  five  different 
diameter  bulbs  (4",  5-1/2",  6",  7",  and  8")  and  operat¬ 
ing  temperature  in  the  range  of  27  to  40“C,  normalized 
to  40®C,  Vanier  and  Vessot  gave 

K  -  -(208  i  2)  x  10‘3  Hz  -  in 

a  r  _(5  i  l)x  10"3  deg'1  K. 

The  value  of  the  wall  shift  correction  for  the  NX-1 
maser  is 


=  -  .02807  i  .00031  Hz. 


The  pertinent  physical  parameters  used  for  this  calcula¬ 
tion  wore  furnished  by  H.  E.  Peter*5  et  al.  These 
parameters  are: 
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Bulb  shape:  cylii  drical  with  spherical  ends 
Diameter  of  cylinder!  5.5  in. 

Length:  17  in. 

Surface  Area:  S  =  1863  ±  3  cm5  (calc.) 

Volume:  V  =  5722.8  ±  1  cm3  (Meas.) 

Bulb  Temperature:  t  =  44.3  ±  0.5'C 

Equivalent  spherical  diameter:  D  =  7.25  ±  .0104  in. 

The  wall  shift  uncertainty  of  ±  .00031  hertz  is  due 
to  the  uncertainties  in  the  determination  of  the  quanti¬ 
ties  given  in  Table  Al. 

2.  Second-order  Doppler  correction  is  given  by 


AT 

A8i/d  =  -Svdy-  =  .00010Hz. 


Therefore, 


8vd  =  -  .06221  ±  .00010  Hz. 
3.  Magnetic  field  correction  is  given  by 


and 


8;/,,  =  2750  H* 


H  r 


1.4  x  106 


(3) 


(4) 


s  3  kT 

Sl,d  =  -  o  —  v 

3  Me  2 


where 

St/ 


second-order  Doppler  correction 
k  =  Boltzmann's  constant 
M  =  Mass  of  hydrogen  atom 
c  =  speed  of  light 
v  =  hydrogen  frequency 


(2) 


where 

St/H  =  magnetic  field  correction 
v  t  =  Zeeman  frequency 
H  =  magnetic  field 

The  magnetic  field  of  NX-1  maser  was  measured  at 
intervals  on  dates  given  in  Table  A2.  The  root  mean 
square  of  the  magnetic  field  was  4.35  milligauss  with 
an  uncertainty  of  ±  6.57  mlcrog-.uss.  Therefore 


8t/d  =  -  1.9597  x  10  T 
=  -  .06221  Hz. 


The  uncertainty  in  8i/d  due  to  AT  is 


8:/..  -  .05205  *  .00016  Hz. 


The  total  correction  applied  to  the  NX-1  maser  is 
-0.03823  hertz  with  an  uncertainty  o.'  ±.00036  hertz. 

A  summary  of  the  corrections  is  given  in  Table  A3. 
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(a)  NRC  =  NATIONAL  RESEARCH  COUNCIL.  OTTAWA.  CANADA 

(b)  LSRH  =  SWISS  LABORATORY  FOR  HOROLOGICAL  RESEARCH. 

NEUCHATEL.  SWITZERLAND 


TABLE  A1 

CALCULATION  OF  UNCERTAINTIES  IN 
WALL  SHIFT  FREQUENCY  CORRECTION 


SOURCE 
OF  ERROR 

FORMULA 

VANIER  - 

VESSOT 

FRACTION 
OF  ERROR 

A8kw 

D 

07 

.0104 

7.25 

.00004 

K 

o  AK 

2 

.00027 

8  w  K 

208 

Uv  a« 

1 

.00012 

V*”  D/  a 

5 

T 

Uv  _  K\  AT 

5 

.00007 

V  w  D/T-T, 

4  3 

A8vw  =  VlASv*  .00031 


TABLE  A  2 

MAGNETIC  FIELD  MEASUREMENTS 


'  DATE 

“  1 
Hz 

£> 

< 

N 

1 

V| 

NOV.  14.  1967 

6095 

4 

FEB.  20.  1968 

6093 

n 

t . 

JULY  13.  1968 

6080 

ii 

NOV  8,  1968 

6080 

li 

DEC  21.  1968 

6109 

18 

vt  (RMS)  =  609119.4  Hz 

H  ‘  4  35  1  0  007  milligauss 
8vu  *  052051  .00016  Hz 


TABLE  A3 

SUMMARY  OF  FREQUENCY  CORRECTIONS 


SOURCE 

dv 

Hz 

Ad* 

Hz 

WALL  SHIFT 

-.02807 

±.00031 

DOPPLER 

-  06221 

±.00010 

MAGNETIC  FIELD 

+  .05203 

±.00016 

?.d»  =  -.03823  Hz 
yUdS  =  ±.00036  Hz 
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A  NEW  PHI MARY  CESIUM  BEAM  FREQUENCY  STANDARD 


Fred  Kupersmith ,  Clarence  Thornburg  and  John  Ho 
Atomi  ch  ron ,  l'nc . 

New  Hyde  Park,  New  York 


SUMMARY 


A  New  Primary  Cesium  Beam  Frequency 
Standard  has  been  developed  utilizing  a 
two  loop  system.  This  Standard  has  all 
of  the  usual  features ,  plus  several  im¬ 
portant  new  features  such  as  the  ability 
to  make  very  small  "setability"  adjust¬ 
ments  or  time  scale  changes  without  re¬ 
adjusting  the  C-field. 

INTRODUCTION 


This  paper  describes  some  recent  de¬ 
velopments  in  primary  standards  for  use 
in  time  and  frequency  control  applica¬ 
tions.  A  New  Cesium  Beam  Frequency  Stan¬ 
dard  has  been  developed  using  a  Cesium 
Beam  Resonator  in  a  frequency  comparison 
and  control  system  to  generate  highly 
stable  5  MHz,  1  MHz  and  100  kHz  signals. 

This  Standard,  a  front  view  of  which 
is  shown  in  Figure  1,  is  a  primary  stand¬ 
ard.  That  is,  a  standard  capable  of  pro¬ 
ducing,  without  reference  to  any  other 
standard  whatever,  frequencies  of  5  MHz, 

1  MHz  and  100  kHz  accurate  to  within  one 
part  in  1011. 

A  technical  description  is  presented 
here  which  describes  a  double  loop  con 
trol  system  which  incorporates  several 
new  important  features  previously  not 
available  in  primary  cesium  standards, 
such  as: 

1.  Digital  frequency  or  (Time- 
Rate)  setability  with  high 
resolution. 

2.  Time  scale  changes  without  re¬ 
adjustment  of  the  C-field. 

3.  A  modular  design  concept. 

■  The  use  of  these  now  features  in 
some  typical  applications  is  described, 
and  the  operating  data  available  on 
those  standards  delivered  are  presented. 

The  specifications  of  this  standard 
are  shown  in  Figure  2.  In  general, 
these  specifications  are  typical  of  a 
Primary  Cesium  Beam  Standard  of  this 
quality,  with  a  few  notable  exceptions. 
These  are  the  specifications  on  "Seta¬ 
bility"  and  "Time  Scale".  The  most 
important  feature  of  these  two  quanti¬ 
ties,  are  their  precision  reproduca- 
bility,  and  freedom  from  the  necessity 
of  readjusting  the  C-field,  all  of  which 


will  be  fully  discussed  below. 

TECHNICAL  DESCRIPTION 


Thv.  Two  Loop  Concept 

A  Block  Diagram  of  the  standard  is 
shown  in  Figure  3.  From  this  diagram,  it 
can  be  seen  that  the  standard  is  divided 
into  two  sections,  a  primary  loop,  and  a 
secondary  loop. 

In  this  technique,  the  primary  loop 
consists  of  a  quartz  oscillator  operating 
at  a  direct  subharmonic  of  the  cesium 
transition  frequency  and  locked  to  that 
atomic  resonance.  A  secondary  loop  con¬ 
taining  a  synthesizer  is  locked  to  the 
output  of  this  primary  oscillator.  It  is 
important  to  note  that  the  secondary  loop 
has  no  affect  on  the  frequency  reference 
which  has  been  established  by  the  primary 
loop.  The  accuracy  (lslO11)  ,  reproduca- 
bility  (5:10~12) ,  long-term  stability 
(5:10_i2),  and  short-term  stability  for 
averaging  times  longer  than  100  seconds  - 
which  covers  almost  all  timing  applica¬ 
tions,  are  all  determined  solely  bv  the 
primary  loop.  The  secondary  loop  con¬ 
tains  a  very  high  quality  low  noise 
quartz  oscillator  from  which  a  signal  is 
synthesized  that  is  phase-locked  to  the 
output  of  the  primary  oscillator.  It  is 
extremely  small  frequency  steps  available 
in  this  synthesizer  which  make  several  of 
the  innovations  possible. 

The  short-term  stability  (less  than 
100  seconds) ,  and  the  residual  noise  on 
the  outputs,  are  a  function  only  of  the 
quartz  oscillator  used  in  the  secondary 
loop.  The  long  time  constant  of  the 
secondary  loop  eliminates  the  inherently 
poor  short-term  stability  of  the  primary 
loop. 

Since  the  two  loops  are  separated, 
one  primary  loop  may  be  used  to  operate 
two  or  more  secondary  loops.  For  exam¬ 
ple,  one  primary  loop  may  be  used  to 
furnish  accurate  frequencies  referred  to 
the  International  Second  through  one 
secondary  loop,  while  a  second  secondary 
loop  furnishes  signals  to  a  timing  gener¬ 
ator  to  generate  1  pps  signals  referred 
to  the  UTC  Time  Scale. 

Cesium  Beam  Tube 

The  Cesium  Beam  Tube  is  a  militari- 
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SPECIAL  FEATURES 


zed  20"  tube,  designed  and  tested  to 
MIL-E-5400.  The  tube  has  a  Ramsey 
resonance  linewidth  of  500  Hz  and  incor¬ 
porates  a  microwave  structure  that  does 
not  require  temperature  compensated  match 
ing  over  the  range  of  0°C  to  60°C.  The 
tube  exhibits  a  minimum  signal-to-noise 
ratio  of  45  dB  in  a  3  Hz  bandwidth,  which 
is  equivalent  to  a  primary. loop  short¬ 
term  stability  of  5  X  10-11  RMS  for  1 
second  averages.  The  short-term  sta¬ 
bility  of  the  outputs  is  much  better 
than  this  number  because  of  the  long 
secondary  loop  time  constant  and  the 
excellent  short-term  stability  of  the 
secondary  oscillator.  The  tube  has  a 
guaranteed  operating  lifetime  of  three 
years. 

Primary  Loop 


The  operation  of  this  loop  (Figure 
4) ,  is  typical  of  those  used  in  Cesium 
Standards  and  has  been  described  in  many 
previous  articles.  Several  features  of 
this  loop  are  worth  noting,  however. 

First,  it  utilizes  square  wave 
frequency  modulation  obtained  by  apply¬ 
ing  the  modulating  signal  to  a  separate 
voltage  control  circuit  of  the  primary 
oscillator. 


Secondly,  the  loop  time  constant  of 
the  primary  loop  is  short  (less  than  1/2 
second).  In  other  words,  the  primary 
oscillator  is  tightly  locked  to  the 
atomic  resonance.  And  finally,  the 
primary  loop  has  sufficient  DC  loop  gain 


Secondary  Loop 


The  secondary  loop  (Figure  5),  con¬ 
sists  of  a  very  high  quality  low  noise 
quartz  oscillator  from  which  a  signal 
is  synthesized  that  is  phase-locked  to 
the  output  of  the  primary  oscillator. 

The  synthesizer  uses  the  rate  multiplier 
technique  in  which  the  pulse  trains 
going  into  the  OR-gate  combiner  are  se¬ 
lected  by  means  of  thumbwheel  switches , 
the  "TIME-RATE  SELECTOR" . .  A  unit 
change  in  the  least  significant  thumb¬ 
wheel  corresponds  to  a  change  of 
5.580875  X  10-13  in  the  output  frequency. 

In  order  to  realize  the  excellent 
short-term  stability  of  the  secondary 
quartz  oscillator,  the  secondary  loop 
time  constant  is  quite  long  (about  200 
seconds) . 


Setability 

The  largest  recent  advance  in  preci¬ 
sion  timekeeping  has  been  made  in  the 
development  of  a  synthesizer  which  digi¬ 
tally  steps  the  output  frequency  in  such 
small  steps  that  the  time-rate  may  be 
set  to  any  reference  within  less  than  25 
nanoseconds  per  day.  This  setability 
corresponds  to  setting  the  frequancy  of 
the  Cesium  Beam  Standard  to  any  other 
reference  to  within  3  parts  in  10  . 

The  frequency  can  be  offset  while  the 
unit  is  operating,  with  no  ill  effects 
on  the  output  of  the  standard. 

This  offset  is  accomplished  in  prac¬ 
tice  by  adjusting  the  "TIME-RATE 
SELECTOR"  to  the  desired  number.  A 
total  range  of  more  than  ±  1  X  10-7 
(from  frequencies  referred  to  the  atomic 
time  scale)  is  available.  Furthermore, 
the  offset  is  an  integral  number  of  dis¬ 
crete  known  steps  and  therefore,  is  not 
only  accurately  known,  but  can  be  re¬ 
produced  or  removed  with  precision. 

A  most  important  feature  of  this  seta¬ 
bility  is  that  it  requires  no  C-field 
readjustment.  By  necessity,  the  C-region 
must  be  magnetically  shielded  from 
ambient  magnetic  fields  which,  in  prac¬ 
tice,  is  accomplished  by  surrounding  the 
C-region  with  envelopes  of  magnetic 
shielding  material  until  the  remaining 
field  is  essentially  zero.  Then  a  known 
field  is  superimposed  on  the  region  by 
means  of  passing  a  carefully  controlled 
current  through  wires  situated  in  the 
C-region.  This  C-field  is  modified  in 
aspect  and  value  by  the  surrounding 
shields.  Because  the  magnetic  shield¬ 
ing  material  has  magnetic  hysteresis 
and  because  magnetic  domain  orientation 
is  essentially  a  thermodynamic  process, 
the  C-field  exhibits  both  non-reversa- 
bility  and  time-dependent  (aging)  effects. 
The  ideal  situation  is  obtained  by 
setting  the  C-field  once,  letting  it  age 
well,  and  never  adjusting  it  again. 

This  situation  has  been  made  possible  by 
restricting  all  fine  frequency  adjust¬ 
ments  to  the  secondary  loop,  tne  pri¬ 
mary  loop  (and  C-field)  stay  fixed. 

Example:  At  the  present  time, 
the  East  Coast  Loran-C  chain  is  losing 
about  50  nanoseconds  per  day.  After 
monitoring  the  chain  for  sufficient 
time  to  establish  the  time-rate 
exactly,  the  master  station  could  be 
directed  to  change  all 
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of  their  clocks  by  decreasing  the  "Time 
Rate  Selector"  one  unit ,  and  every  clock 
would  increase  its  time-rate  by  precise¬ 
ly  48.21876  nanoseconds/day .  The  whole 
transaction  could  be  completed  remotely 
by  telephone  with  full  knowledge  by  the 
directing  authority  of  the  exact  results 
of  their  command. 

If  this  adjustment  were  made  by  chan¬ 
ging  the  C-field  of  each  clock,  a  month 
would  be  required  for  the  C-fields  to 
'feettle  down".  Then  several  weeks  data 
would  be  required  to  establish  exactly 
the  new  offset  for  each  clock. 

Time  Scale  Changes 

-7 

Since  the  total  range  is  i  1  X  10  , 

time  scale  changes  can  be  made  with  the 
time-rate  selector  switches.  To  a  preci¬ 
sion  system  containing  many  cesium 
standards,  a  time  scale  change  formerly 
was  a  small  disaster.  The  C-fields  of 
every  clock  would  have  to  La  changed 
requiring  a  "settling  down"  period  as 
described  above.  Then  a  recalibration 
period  would  be  required,  during  which 
the  exact  new  offset  of  each  clock  was 
determined. 

Using  the  technique  described  above, 
relative  calibration  is  maintained  from 
one  time  scale  to  another  since  the 
C-field  remains  unchanged. 

1.  If  you  know  the  absolute 
accuracy  of  a  standard  on  one  time  scale 
and  the  time  scale  changes,  you  will 
know  accuracy  with  the  same  precision 
after  the  adjustment. 

2.  If  a  system  has  a  group  of 
clocks  (perhaps  in  different  geographi¬ 
cal  locations)  and  the  time  scale 
changes,  the  clocks  will  have  exactly 
the  same  relative  accuracy  after  adjust¬ 
ment  as  before. 

Short-Term  Stability 

The  two  loop  approach  makes  possi¬ 
ble  the  elimination  of  the  inherently 
poor  short-term  stability  (for  averag¬ 
ing  times  less  than  about  100  seconds) , 
of  the  primary  loop.  A  high  quality 
output  oscillator  together  with  a  long 
time  constant  in  the  secondary  loop 
combine  to  produce  an  excellent  short¬ 
term  stability.  This  standard  exhibits 
a  typicaj  short-term  stability  of 
3  X  10  for  1  second  averages . 

C-Field  Provisions 

The  C-field  is  supplied  by  ovenized 
constant  current  source.  This  supply  is 
good  to  .075%  over  the  temperature  range 


from  0°C  to  50°C  and  has  an  aging 
characteristic  better  than  .01%  per 
year.  For  reference  .1%  corresponds 
to  a  change  in  the  output  frequency  of 
3.3  X  10-13.  In  order  to  calibrate  the 
C-field,  a  built-in  Zeeman  frequency 
source  is  provided.  No  additional 
equipment  (audio  oscillators,  counters, 
etc.)  is  required  to  set-up  this  standard. 

PERFORMANCE  DATA 


The  performance  data  of  the  first  ten 
standards  delivered  is  as  follows: 

(a)  Accuracy:  ,, 

Average  -0.1  X  10  1 

Standard  0.35  X  10-Ai 

Deviation: 

(b)  Short-Term  Stabilityfl  Second): 

Averaqe  3.1  X  ID- 33  RMS 

Total  2.5  X  10-±- (Min. ) to 

Spread:  4.0  X  10~12(Max.) 

(c)  One  Hour  RMS  Stability: 

Average:  7.4  X  10~^3  RMS 

Total  6.0  X  10-13 (Min. ) to 

Spread:  1.0  X  10“12(Max.) 

It  is  probable  that  a  large  portion  of 
the  spread  in  the  measured  accuracy  can 
be  attributed  to  the  reference  system 
which  utilized  VLF  transmissions. 

CONSTRUCTION 

The  Standard  is  ruggedly  constructed 
to  withstand  extreme  vibration  and  shock 
such  as  may  be  encountered  in  military 
and  industrial  applications.  A/  alumi¬ 
num  housing  combined  with  a  cast  front 
panel  provide  the  proper  combination 
for  a  dependable  yet  lightweight 
instrument.  A  photograph  of  the  general 
layout  is  shown  in  Figure  6 . 

All  of  the  major  functional  units  in 
the  Standard  are  plug-in  modules.  Having 
the  unit  divided  into  plug-in  modules 
serves  two  major  functions.  First, 
repair  of  the  Standard  is  reduced  to 
the  lowest  echelon  with  a  modular 
construction  of  simple  design  permitting 
rapid  replacement  of  major  modules  with 
a  minimum  of  down-time.  Second,  only 
those  modules  which  are  necessary  to 
the  intended  use  need  be  supplied  with 
the  equipment.  Others  can  be  added 
later  and  simply  plugged-in  by  the  user. 

OPTIONS 

The  following  items  are  furnished  as 
optional  equipment  with  the  Standard: 

1.  Time  Standard  Module  (shown  in 
Figure  1).  This  optional  plug-in 
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module 


provides : 


a.  1  pps  clock  pulse  output. 

b.  Automatic  synchronization. 

c.  Direct-reading  thumbwheel 
time  delay. 

d.  24-hour  clock  with  stepping 
sweep  second  hand. 

2)  .  Internal  1-Hour  Battery. 

3) .  8-Hour  Battery  Pack. 

4)  .  Inverter  tor  converting  12  VDC  to 
115  VAC  permitting  operation  of  the 
Standard  and  charging  of  the  8-Hour 
Battery  Pack. 

5)  .  Miscellaneous  other  options  sucn 

as  a  100  MHz  output  for  easy  comparisons. 


Figure  1  --  Front  View,  Cesium  !f<  a;.i  Primary  Frequency  Standard 
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FIGURE  2 


TECHNICAL  SPECIFICATIONS 


ACCURACY: 

REPRODUCABILITY : 

SETTABILITY  (Freq.): 

SETTABILITY  (Time-Rate) : 

LONG-TERM, STABILITY : 
SHORT-TERM  STABILITY: 

OUTPUT  SIGNALS: 

Frequencies : 

Voltage: 

Harmonic  Distortion: 
Non-Harmonic  Distortion: 
Terminals: 

TIME  SCALE: 


CESIUM  BEAM  TUBE  LIFE: 
ENVIRONMENTAL: 
Temperature : 
Humidity: 

Magnetic: 

Vibration : 

POWER: 

'Voltage  Required: 

Power  Consumption: 
SIZE: 

WEIGHT: 


t  IX  10  u 
i  5  X  10“12 

Within  3  X  10-^2  with  no  C-field 
readjustment. 

±  1  X  10-7  total  range. 

Within  25  nanoseconds  per  day  with 
no  C-field  readjustment. 

±  5  X  10"12  for  life  of  Cesium  Beam  Tube 

1  X  10  R*'S  for  1  second  averages. 

3  X  10--12  RMS  for  1000  second  averages. 


5  MHz,  1  MHz,  100  kHz. 

IV  RMS  into  50  ohms. 

-40  dB 
-80  dB 

Type  BNC  Connectors 

Adjustable  with  thumbwheel  switches 
from  zero  to  -1000  X  10”10. 

No  C-field  readjustment  is  required. 
Relative  calibration  is  maintained  from 
one  time  scale  to  another.  Accuracy 
of  time  scale  offset  is  ±  3  X  lO-33. 

3  years  guaranteed 


±  5  X  10"12  over  0°C  to  50°C. 

95%. 

i  1  X  10  2  gauss  field,  any 

orientation. 

MIL-STD-167. 

115  or  230  VAC  ±  10%,  50  to  400  Hz,  or 

22  to  30  volts  DC. 

75W  @  25  VDC  or  90W  @  115  VAC. 

7”  High,  Fits  19"  Rack.  Requires  22" 
Depth  behind  panel  (includes  connectors) 

62*5  Pounds  (without  Options) . 
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TIME  FREQUENCY  TECHNOLOGY 
IN  SYSTEM  DEVELOPMENT 


Robert  E.  Perkinson 

McDonnell  Douglas  Astronautics  Company  -  Eastern  Division 
St.  Louis,  Missouri 


Summary 

For  the  last  nine  years,  McDonnell  Douglas 
has  been  working  on  what  has  come  to  be  known  as 
time/frequency  technology.  This  technology  is 
based  on  very  precise  synchronisation  of  time  in 
moving  stations  —  time  synchronization  so 
precise  that  range  measurements  can  be  made 
essentially  in  a  one-way  sense,  and  frequency 
synchronization  so  accurate  that  closing  rate 
can  be  measured  by  doppler  shift  in  a  one-way 
sense  also.  This  system,  of  course,  imposes  a 
requirement  for  very  exact  frequency  references 
and  very  exact  synchronization  and  control  of 
time. 

The  use  of  "one-way"  techniques  is  a  very 
powerful  communication  technique  because  it 
allows  a  "broadcast"  mode  of  transmission;  i.e., 
a  single  transmission  gives  range,  range  rate 
and  digital  data  to  all  airplanes  and  ground 
stations  within  receiving  range. 

The  synchronization  process  which  permits 
this  system  is  well  established.  The  accuracy 
in  frequency  and  time  keeping  which  is  required 
by  the  time/frequency  approach  is  attainable  by 
good  quality  crystal  oscillators  for  systems 
where  resynchronization  is  readily  available  and 
by  atomic  resonance  frequency  sources  where  time 
must  be  held  for  periods  of  hours  to  days.  For 
the  first  time  a  real  requirement  is  imposed  for 
synchronizing  remote  stations  to  accuracies  of 
approximately  .1  microsecond.  Several  techniques 
are  available  which  can  achieve  this ,  but  much 
work  is  required  before  we  can  maintain  this 
accuracy  on  a  routine  basis. 


The  last  10  years  have  seen  a  quiet  revolu¬ 
tion  come  through  the  technology  of  communica¬ 
tions,  navigation  and  identification.  The 
development  of  very  precise  frequency  standards 
and  the  simultaneous  development  of  integrated 
circuit  logic  elements  which  allow  precise 
counting  at  very  high  rates  have  enabled  us  to 
divide  time  to  an  astounding  precision  and  to 
hold  this  precise  time  over  very  long  periods . 
(Figure  1).  This  audience  knows  well  these  fan¬ 
tastic  accomplishments  in  precise  time  and 


frequency  keeping,  since  they  have  been  responsible 
for  many  of  these  advancements.  I  would  like  to 
address  myself  to  some  of  the  practical  applica¬ 
tions  of  this  precise  time  and  frequency  capa¬ 
bility  which  led  to  new  approaches  to  some  of  the 
old  problems  of  communicating  and  navigating. 

One  of  the  problems  that  has  plagued  the 
aircraft  community  for  many  years  is  the  mid-air 
collision.  The  first  recorded  mid-air  collision 
was  in  1910  in  Milan,  Italy  (Figure  2).  At  the 
time,  there  were  approximately  50  airplanes  in 
existence.  The  collision  problem  has  continued  to 
haunt  the  flying  community  and  becomes  ever  more 
serious  as  the  density  of  the  airplane  traffic 
Increases . 

One  would  think  this  is  a  problem  that  could 
bo  easily  solved  with  today's  technology.  Almost 
any  sort  of  radar  transponder  could  be  used  to 
provide  protection  for  one  airplane  against  one 
other  airplane.  The  real  requirement  is  to  pro¬ 
vide  continuous  protection  to  an  airplane  in  a 
large  community  of  aircraft  and  mutually  provide 
this  same  protection  to  all  other  aircraft.  The 
basic  constraint  is  a  communication  problem  —  a 
requirement  that  each  of  the  airplanes  obtain 
information  on  the  range,  altitude,  and  range  rate 
of  all  the  other  airplanes  in  its  vicinity.  Txy- 
ing  to  do  this  with  normal  inter rogate/respond 
techniques  results  in  a  very  limited  capacity. 

With  the  use  of  very  precise  time  ar.d  frequency 
synchronization,  thi3  capacity  problem  has  been 
overcome,  and  literally  thousands  of  aircraft  can 
be  accommodated  on  u  common  frequency. 

This  increase  in  capacity  is  accomplished  by 
assigning  u  specific  time  or  "message  slot"  to  a 
particular  unit  knowing  that  that  unit  can  reli¬ 
ably  keep  its  transmissions  in  that  alotted  time. 
Double-slot  occupancy  can  be  guarded  against  by 
monitoring  by  an  external  agency,  or,  as  is  done  in 
the  time/frequency  collision  avoidance  system  (CAS), 
the  equipment  can  be  made  to  periodically  inhibit 
transmission  and  listen  for  any  other  transmission 
in  its  time  slot.  If  other  transmissions  are 
heard,  the  time  slot  is  moved  to  the  next  avail¬ 
able  unoccupied  time. 

In  the  CAS  system  we  have  the  capability  of 
accommodating  2,000  1-1/2  millisecond  slots  in  a 
three-second  time  interval  without  interference. 
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A  guaranteed  interference-free  message  slot  allows 
the  use  of  long  signals  which  allow  direct  doppler 
measurement  on  a  single  pulse  and  also  permits  100 
or  so  bits  of  digital  data.  (See  Figures  3  and  b). 

By  knowing  exactly  when  a  signal  is  trans¬ 
mitted  from  an  airplane,  a  one-way  measurement  of 
the  elapsed  time  from  transmission  to  reception 
of  the  signal  can  be  made.  This  of  course  is  a 
measurement  of  range.  The  advantage  to  measur¬ 
ing  range  in  this  manner  is  that  a  single  trans¬ 
mission  permits  range  measurements  to  be  made 
by  all  other  stations  listening  to  the  signal. 

As  a  matter  of  fact ,  it  allows  measurement  of 
range  by  an  unlimited  number  of  passive  stations. 
This  is  the  first  system  where  all  of  the  parti¬ 
cipants  can  measure  range  to  all  of  the  other 
participants.  In  addition,  range  rate  can  be 
determined  "one  way"  (as  it  is  in  the  CAS  system) 
by  measuring  the  di fference  in  frequency  between 
the  received  signal  and  the  onboard  frequency 
source. 

Hie  sync  technique  is  quite  simple.  The 
aircraft  are  aligned  in  coarse  synchronization 
(for  message  slot  purposes)  by  the  master  station 
transmitting  a  coded  message  that  indicates  the 
cycle  start.  This  is  used  to  start  a  listening 
member's  counter  and  the  member  then  counts  down 
to  his  message  slot  and  transmits  his  normal 
signal.  (See  Figure  5).  In  the  "fine  synchroni¬ 
zation"  process,  the  synchronizing  station  detects 
the  normal  transmissions  of  a  station  and  notes 
apparent  propagation  time.  If  the  transmitting 
station  has  a  time  different  from  the  synchroni¬ 
zing  station,  this  apparent  propagation  time  will 
be: 

.p  —  T  —  T 

PropApp  "  PropTrue  "  Error  *See  Fisure 

The  total  apparent  propagation  time  is  subtracted 
from  a  fixed  "synchronization  time"  toward  the 
end  of  the  message  slot,  and  the  synchronization 
station  transmits  a  sync  pulse  at  thi3  time: 

T  -  T  =T  -  (T  +T  1 

Sync  PropApp  Sync  l  PropTrue  "  Error/ 

Since  the  sync  pulse  is  transmitted  within  a  few 
milliseconds  of  the  range  pulse,  the  propagation 
time  i s  essentially  unchanged  and  the  sync  pulse 
arrives  at  the  airplane  propagation  time  later  at: 

T  -T  +T  =  T  “T 

Sync  PropApp  PropTrue  Sync  +  Error 

Thus  in  the  airplane  being  synchronized,  the 
pulse  arrives  early  or  late  with  respect  to  sync 
time  by  the  amount  the  airplane  clock  is  late  or 
early  with  respect  to  the  synchronizing  clock. 

Tills  is  recognized,  and  a  digital  correction  made 
to  make  the  airplane  time  agree  with  the  3ychroni- 
zation  station  time.  Hie  airplane  can  recognize 
how  early  or  late  it  is  with  respect  to  master 
time,  and  since  the  only  thing  that  can  cause  a 


constant  early  (or  late)  time  error  is  a  differ¬ 
ence  in  frequency  between  the  synchronizer  and  the 
synchee,  this  information  can  be  used  to  pull  the 
airplane  oscillator  on  to  the  same  frequency  as 
the  synchronizing  station. 

This  technique  aid  the  associated  hardware 
are  well  established.  We  have  been  using  it  aaily 
in  an  operational  collision  avoidance  system  in 
St.  Louis  since  1956.  (Figure  7).  Typical  synch¬ 
ronization  accuracies  are  shown  in  the  histogram. 
(Figure  8).  Hie  accuracies  acnievable  are  depen¬ 
dent  on  the  oscillator  frequency  accuracy,  digital 
count  resolution  and  pulse  arrival  time  accuracy. 
The  accuracies  shown  in  Fi  jure  8  are  typical  of 
the  CAS  system.  Much  better  accuracies  have  been 
achieved  in  military  s„.  sterns  where  precise  ranging 
is  important. 

The  system  we  have  been  using  in  St.  Louis 
since  1965  uses  a  local  time  which  is  provided 
from  a  master  station  located  on  the  ground. 

Exact  time  is  by  this  means  readily  provided  to 
all  the  aircraft  within  line  of  sight  range  of 
the  ground  station.  An  advanced  version  of  this 
equipment,  which  is  designed  to  have  very  much 
less  dependence  upon  ground  stations,  has  beer, 
developed  for  the  Air  Transport  Association. 
(References  1,  2  and  3).  H.e  flight  demonstra¬ 
tion  of  this  equipment  to  the  airlines  was  com¬ 
pleted  last  fall.  (Reference  It).  With  this 
system,  airplane  to  airplane  time  synchronization 
is  provided.  It  is  easy  to  synchronize  one  air¬ 
plane  from  another,  the  only  difficulty  involved 
in  synchronizing  n  group  of  airplanes  is  in 
deciding  on  a  single  source  of  time  so  that  all 
aircraft  can  be  synchronized  to  the  some  time 
aid  to  the  same  frequency. 

In  the  ATA  system,  this  is  done  by  setting 
up  a  hierarchy  of  time.  Ground  stations  are 
designated  as  "hierarchy  zero",  and  it  is  assumed 
that  all  ground  stations  are  synchronized  to  each 
other  to  less  than  1  microsecond.  Airplanes 
which  are  being  synchronized  by  "hierarchy  one" 
airplanes  are  "hierarchy  two",  and  so  forth  out  to 
"hieraichy  bo".  Hie  hierarchy  of  the  airplanes  is 
announced  witnin  the  airplane's  transmission  by 
means  of  a  digital  code.  The  aircraft  desiring  a 
synchronization,  then,  looks  for  an  airplane  which 
has  a  better  time  and  requests  a  synchronization 
from  that  airplane  over  the  digital  link  and  is 
subsequently  synchronized. 

In  addition  to  this  "chair'ng",  the  systems 
also  demote  in  hierarchy  as  a  "unction  of  time  and 
quality  of  the  onboard  frequent./  source.  If  an 
airplane  has  not  been  synchronized  for  a  period  of 
lime,  the  system  hierarchy  will  be  demoted  at  an 
interval  based  on  the  quality  of  its  frequency 
source.  Table  1  shows  the  demotion  rate  as  a 
function  of  oscillator  quality  in  terms  of  total 
time  to  demote  through  the  bo  steps  of  the  hier¬ 
archy  chain.  It  should  be  noted  that  in  the 
1 1  me/ frequency  systems  we  have  been  describing, 
this  'a  the  only  item  wlich  is  affected  by  quality 
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of  the  oscillator.  When  synchronization  is 
available,  ranging  accuracy  and  range  rate  accu¬ 
racy  are  essentially  unaffected  by  oscillator 
quality  as  long  as  the  oscillator  is  stable  within 
one  part  10°.  Good  quality  temperature-stabilized 
crystal  oscillators  can  achieve  this  stability 
within  25  to  30  minutes  after  turn-on;  and  the 
frequency  synchronization  techniques  which  we  use 
in  conjunction  with  the  time  synchronization  will 
allow  us  to  pull  an  oscillator  into  frequency 
agreement  with  the  master  oscillator  to  an  accu¬ 
racy  of  one  part  in  10®  within  2  to  3  minutes . 

Some  airlines  have  indicated  that  they 
intend  to  carry  cesium  beam  standards  on  their 
CAS-equipped  airplanes.  This  is  particularly  true 
for  the  airlines  which  have  overseas  operations 
so  that  they  can  maintain  correct  time  on  long, 
over-water  flights.  At  least  one  equipment  manu¬ 
facturer  (Hewlett-Packard)  has  announced  inten¬ 
tions  of  building  a  cesium  beam  standard  in  a 
1/2-ATR  rack  size  for  this  application. 

The  tine  hierarchy  approach  Imposes  a  re¬ 
quirement  for  very  precise  time  synchronization 
between  ground  stations.  Ground  stations  should 
be  synchronized  to  one  another  to  accuracies 
better  than  1  microsecond.  The  highly  accurate 
frequencies  available  from  atomic  resonance  ref¬ 
erences  provide  a  solid  foundation  for  maintain¬ 
ing  correct  time  after  synchronization  is  achieved. 

Achieving  the  correct  time  synchronization 
will  be  greatly  facilitated  by  the  atomic  reso¬ 
nance  oscillator-equipped  airplanes  with  their 
ground  to  air  and  air  to  ground  synchronization 
capabilities.  Airplanes  with  these  capabili¬ 
ties  will  be  flying  across  the  country  almost 
continuously  and  will  be  making  many  many  trips 
across  the  oceans  and  around  the  world  on  a 
daily  basis.  Since  these  airplanes  will  be 
capable  of  synchronizing  any  ground  station  in 
line  of  3ight  as  they  fly  over,  the  CAS  system 
itself  should  add  tremendously  to  the  capability 
of  obtaining  initial  time  synchronization.  These 
capabilities  were  first  demonstrated  in  a  Joint 
U.S.  Naval  Observatory /McDonnell  experiment  con¬ 
ducted  on  6  August  1966.  In  his  *report,  Dr. 
William  Markowitz  concluded  that:  "Any  two  ground 
stations  on  the  earth  could  be  synchronized  to 
0.1  microseconds  by  flying  an  atomic  clock  between 
the  stations  in  an  aircraft  which  need  not  land 
at  either  station."  Even  so,  it  would  be  highly 
desirable  to  be  able  to  monitor  clocks  on  the 
ground  on  a  continuous  basis  and  check  them 
against  some  master  time  standard. 

One  technique  we  have  been  using  with  some 
success  for  this  purpose  is  to  monitor  the  LORAN-C 
transmissions.  During  the  Test  and  Evaluation 
program  in  the  summer  and  fall  la3t  year  in  Bal¬ 
timore,  we  monitored  the  Cape  Fear  LOPAN-C  trans 
missions  and  compared  then  to  an  atomic  clock, 
which  had  been  set  to  the  U.  S.  time  standard  at 
the  Naval  Observatory.  The  results  were  quite 
satisfactory.  We  are  continuing  to  monitor 
the  10RAN-C  transmissions  since  we  have  returned 
to  St.  Louis  and  have  had  similar  results  in 


tracking  the  transmissions  from  the  Dana,  Indiana, 
station.  It  appears  that  the  LORAN-C  tracking 
technique  can  be  used  to  good  effect  for  moni¬ 
toring  the  time  accuracy  of  atomic  resonance 
sources  at  the  ground  stations,  particularly  if 
special  care  is  exercised  to  insure  that  no  net 
time  shifts  are  allowed  to  occur  in  the  trans¬ 
mitted  LORAN-C  signals.  The  experiments  that  have 
been  conducted  in  Europe  using  television  signals 
as  a  timing  reference  look  very  interesting,  and 
it  is  ny  undei  standi  rig  that  similar  experiments 
are  being  conducted  by  the  U.G.  Time  and  Frequency 
Service  group  in  Boulder,  Colorado.  Perhaps  ulti¬ 
mately  we  can  obtain  exact  time  synchronization 
at  the  same  time  we  are  watching  the  Late,  Late 
Chow.  Certainly  a  synchronization  system  that 
would  allow  an  excuse  for  monitoring  the  Midnight 
Movie  on  the  second  shift  should  obtain  broad 
acceptance  at  the  technician  level. 

The  technique  of  ranging  by  exact  time 
synchronization  is  useful  for  many  applications 
in  addition  to  CAS.  In  our  St.  Louis  operation 
we  monitor  the  CAS  transmissions  at  our  ground 
station  measuring  range  by  the  time-ranging  tech¬ 
nique  described  previously  and  measuring  bearing 
by  a  phased  array  antenna.  The  resulting  infor¬ 
mation  is  displayed  on  a  PFT  scope  (Tigure  9). 

The  ground  station  has  the  capability  to  monitor 
1,000  airplanes  with  a  2-second  update  rate  and 
is  completely  free  of  fruit  and  overlap  problems. 
Any  number  of  ground  stations  can  monitor  these 
signals  without  interference  because  the  ground 
monitors  do  not  interrogate  but  merely  listen. 

In  a  time  synchronized  system,  range  can  be 
read  to  all  units,  from  ell  units.  This  means 
that  all  the  CAS  equipped  airplanes  can  read 
range  to  a  ground  station  and/or  to  another  air¬ 
plane,  thus  it  cnn  be  used  ns  a  TME  and/or  as  an 
air  to  air  station  keeper.  (Figure  10).  As  a 
matter  of  fact,  malt  Ipie  range  measurements  can 
be  made  simultaneously,  which  allows  the  ready 
accomplishment  of  multi lateration  navigation 
and/or  surveillance  systems.  The  time/frequency 
technique  is  a  new,  powerful  tool  which  is  Ju3t 
beginning  tw  be  recognized  ns  an  effective  answer 
to  many  of  the  problems  which  plague  present 
interrogate/respond  systems. 

I  have  tried  to  call  attention  in  this 
paper  to  o  requirement  for  very  exact  time  synch¬ 
ronization  nt  ground  stations  scattered  across 
the  United  States  and  ultimately  around  the 
world.  The  synchronization  accuracies  that  are 
needed  are  greater  than  are  required  for  present 
navigation  or  time  keeping  purposes.  This  exact 
time  v  11  be  most  immediately  useful  for  the  ATA 
collision  avoidance  system  but  will  ultimately 
form  the  basis  for  a  new  family  of  navigation, 
identification  and  digital  communication  systems. 
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A  SURVEY  OF  TIME  AND  FREQUENCY  DISSEMINATION  TECHNIQUES 


J.  L.  Jespersen 

Frequency-Time  Dissemination  Research  Section 
Time  and  Frequency  Division 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


There  are  a  number  of  common  elements 
which  characterize  most  time  and  frequency  dis¬ 
semination  systems.  A  simple  VLF  timing  sys¬ 
tem  can  be  used  to  illustrate  these  character¬ 
istics.  First,  suppose  there  is  a  sinusoidal 
signal  available  at  10.  0  kHz  and  that  no  other 
signals  are  available.  A  certain  positive  going 
zero-crossing  of  this  signal  leaving  the  trans¬ 
mitter  at  0000  UT  will  reach  the  user  at  a  later 
time  equal  to  the  propagation  delay.  The  user 
must  know  this  delay  because  the  accuracy  of 
his  knowledge  of  the  time  can  certainly  be  no 
better  than  his  knowledge  of  this  delay. 

Since  all  cycles  of  the  signal  are  identical, 
the  signal  is  ambiguous  and  the  user  must  some¬ 
how  decide  which  cycle  is  the  "on  time"  cycle. 
This  means  he  must  already  know  the  time  to 
plus  or  minus  half  the  period  of  the  signal  or 
±  50  ps  in  this  case. 

Finally,  the  user  may  want  to  use  this  sys¬ 
tem,  say  once  a  day,  for  an  extended  period  of 
time  to  check  his  clock.  However,  it  may  be 
that  the  delay  will  differ  from  one  day  to  the 
next  and  if  he  does  not  know  how  this  value 
differs  from  day  to  day,  then  his  accuracy  will 
be  limited  by  the  lack  of  repeatability  of  arrival 
time  of  the  signal.  These  three  characteristics 
are  primarily  related  to  the  design  of  the  signal 
and  to  the  propagation  characteristics  of  the 
medium.  Some  important  practical  considera¬ 
tions  are  cost  to  establish  and  maintain  the 
service,  ease  of  use,  and  cost  to  the  user, 

.We  can  classify  time  dissemination  systems 
in  a  number  of  ways  but  one  useful  division  is  to 
consider  those  systems  whose  carrier  frequen¬ 
cies  are  low  enough  frequencies  to  be  reflected 
by  the  ionosphere  and  those  whose  carrier  fre¬ 
quencies  are  at  higher  frequencies  which  pene¬ 
trate  the  ionosphere.  The  former  may  be  ob¬ 
served  at  great  distances  from  the  transmitter 
but  suffer  frum  ionospheric  propagation  anomalies 
that  limit  accurac,,  the  latter  (except  for  long- 
range  groundwave  systems  sucjh.as  f-oran-C)  are 
restricted  to  line  of  sight  but  suffer  little  or  no 
deterioration  in  the  signals  due  to  propagation 
anomalies,  Thj  most  accurate  systems  tend  to 
be  in  the  latter  category  while  the  former  are 


used  by  the  greatest  number  of  users.  Some 
systems,  such  as  WWV,  were  built  expressly  for 
the  purpose  of  time  and  frequency  dissemination 
while  others,  such  as  Loran-C,  a  navigation 
system,  can  also  be  used  to  disseminate  time  and 
frequency. 

Aln.->st  any  radio  signal  with  an  unambiguous 
characteristic  and  which  can  be  observed  simul¬ 
taneously  at  two  locations  can  be  used  to  syn¬ 
chronize  clocks  at  those  two  locations.  At  the 
present  time,  TV  is  used  extensively  in  this  way. 
For  example,  suppose  the  arrival  time  of  a  syn¬ 
chronization  pulse  is  measured  with  respect  to 
the  clocks  at  the  two  locations.  If  clocks  are 
synchronized  then  the  difference  between  the  two 
clock  measurements  will  simply  be  the  radial 
difference  in  propagation  delay  as  shown  in 
Fig.  1.  If  this  differential  delay  is  known  in 
advance  of  the  measurements,  then  any  difference 
between  the  measured  differential  delay  and  the 
known  delay  is  the  time  difference  between  the 
two  clocks.  Measurements  of  this  sort  have 
shown  that  TV  signals  have  t*-e  potential  for  dis¬ 
seminating  time  in  the  sub-mic-osecond 
region.  This  has  led  NBS^  to  develop  an 
experimental  TV  time  dissemination  system 
which  incorporates  a  code  in  the  transmitted 
television  signal  during  the  vertical  blanking 
interval.  Upon  reception,  this  signal  is  decoded 
and  displayed  on  a  commercial  TV  set.  The  top 
line  of  the  display  gives  hours,  minutes,  seconds 
and  the  bottom  line  gives  the  difference  between 
a  local  clock  1  pps  and  the  TV  1  pps.  (See 
Fig,  2, )  The  resolution  in  the  second  line  of 
display  may  be  as  small  as  1  nanosecond. 

There  are  a  number  of  questions  and  prob¬ 
lems  for  time  dissemination  which  are  not 
resolved.  These  are  largely  related  to  uncer¬ 
tainties  concerning  the  configuration  of  the 
electronic  systems  of  tomorrow  which  depend 
heavily  upon  time  and  frequency  techniques. 
Examples  ar  j  complex  navigation  and  communica¬ 
tion  systems  which  are  now  being  considered  by 
both  the  civilian  and  military  sectors.  It  is  not 
clear  how  these  systems  could  be  used  to  dissem¬ 
inate  time,  but  if  there  are  a  large  number  of 
independent  systems,  each  generating  and  dis¬ 
seminating  its  own  frequency  and  time  information, 
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we  may  find  it  to  be  much  more  efficient,  in 
terms  of  maximizing  the  communication  capacity 
of  the  systems,  to  have  one  or  two  systems  pro¬ 
vide  frequency  and  time  information  for  the 
others.  As  an  example  (which  is  related  to  our 
current  experience)  consider  TV  which  utilizes 
a  significant  portion  of  its  communcation  capac¬ 
ity  to  transmit  sync  pulses.  We  have  a  situation 
here  where  inexpensive  clocks  (or  oscillators  as 
they  are  usually  called)  have  to  be  synchronized 
quite  often  zt  the  expense  of  channel  capacity. 

On  the  other  hand,  if  TV  sets  had  synchronization 
information  from  some  other  source,  there 
would  be  more  capacity  for  communications. 

Alternatively,  the  TV  set  could  have  a  better 
oscillator.  Of  course,  the  reason  that  we  use 
inexpensive  oscillators  in  TV  receivers  is  that 
it  is  more  economical  than  efficient  use  of  the 
spectrum.  However,  the  spectrum  is  a  limited 
natural  resource  which  will  become  more  expen¬ 
sive  as  greater  demands  are  made  upon  it.  In 
fact,  we  might  find  at  some  future  time  that  it 
will  be  more  economical,  in  terms  of  spectrum 
•.onservation,  to  use  both  better  clocks  and 
common  sources  of  time  and  frequency  informa- 
ion.  We  might  even  go  so  far  as  to  thi  ik  of  the 
latter  as  a  time  and  frequency  utility  which  could 
be  "plugged  into"  at  will. 
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MEASUREMENT  POINT 


Figure  I.  Illustrate*  u*c  of  a  IV  signal  to  lyruhrom/r  dt»V»  at  two 
locations. 


Figure  2.  Photograph  of  the  d!«pUy  generated  from  the  TV  time  iode. 
The  top  line  give*  HH  MM  SS  and  the  bottom  line  i»  the  time  different 
between  the  local  clock  and  the  lime  recovered  from  the  TV  signal  to 


TIME  AND  FREQUENCY  TRANSFER  VIA  MICROWAVE  LINK 


D.H .  Phillips,  R.E.  Phillips,  and  J.J.  O'Neill 
Naval  Research  Laboratory 
Washington,  D.C. 


Summary 

A  two-way  microwave  link  between  the  Naval 
Research  Laboratory  and  the  Naval  Observatory 
has  been  established  to  transfer  both  time  and 
frequency  information  with  high  accuracy.  Time 
and  frequency  information  is  transmitted  simul¬ 
taneously  by  algebraically  adding  together  a  pre¬ 
cision  1  MHz  signal  and  1  pps,  thus  providing 
continuous  phase  information  for  frequency  com¬ 
parison  and  epoch  time  by  the  pulse.  Phase  reso¬ 
lution  is  better  than  10  nanoseconds  and  determi¬ 
nation  of  epoch  time  better  than  0.1  microseconds. 
Seven  precision  standards  have  been  intercompared 
via  the  microwave  link.  Continuous  phase  re¬ 
cording  since  September  1969  has  shown  no  diur¬ 
nal  dependence  and  very  little  effect  due  to  sea¬ 
sonal  and  temperature  changes. 

A  second  microwave  link  has  been  established 
between  The  Naval  Observatory  and  the  Naval  Re¬ 
search  Laboratory's  satellite  research  communica¬ 
tions  terminal  In  Waldorf,  Maryland. 

Introduction 

This  paper  is  concerned  with  the  transmission 
of  precise  time  and  frequency  information  derived 
from  the  highest  quality  standards.  The  micro- 
wave  link  has  proven  to  be  a  low  noise,  highly 
accurate  method  of  time  and  frequency  transfer 
which  does  not  degrade  the  accuracy  of  the  trans¬ 
mitted  signals.  This  paper  will  describe  tech¬ 
niques  utilized  in  and  results  obtained  from  two 
existing  microwave  links  with  respect  to  estab¬ 
lishing  and/or  maintaining  epoch  time  at  remote 
locations  where  precision  frequency  standards  are 
maintained.  The  results  also  show  great  promise 
for  application  of  microwave  links  to  worldwide 
time  transfer. 

Microwave  Link 

Use  of  a  microwave  link  for  time  transfer  has 
yielded  highly  accurate  results  (better  than  0.1 
microseconds) .  Figure  1  shows  a  two-way  micro- 
wave  link  which  has  been  established  between 
Naval  Research  Lab  and  the  Naval  Observatory 
and  which  transferred  both  time  and  frequency 
information.  The  path  between  the  two  locations 
was  practically  line  of  sight  and  its  length  was 
11750  meters  (7.3  miles).  The  transmitting  fre¬ 
quency  from  the  Naval  Research  Lab  was  7137  MHz 


and  the  radiated  power  was  1  watt.  The  emission 
bandwidth  was  20  MHz  and  the  modulation  fre¬ 
quency  was  1  MHz  which  was  derived  from  a 
hydrogen  maser,  the  Laboratory's  standard.  At 
the  Naval  Observatory  the  transmitting  frequency 
was  7415  MHz  and  the  radiated  power  was  1  watt 
divided  between  a  link  to  NRL  and  a  second  link 
to  Waldorf,  Maryland.  The  emission  bandwidth 
was  20  MHz.  The  modulation  was  1  MHz  and 
1  pps  from  the  Observatory's  Master  Clock. 

Figure  2  is  a  block  diagram  of  typical  instru¬ 
mentation  at  a  microwave  terminal.  At  the  Naval 
Observatory  the  1  MHz  and  the  1  pps  were  com¬ 
bined  and  fed  to  the  transmitter  where  a  reflex 
klystron  was  repeller  modulated.  This  produced 
a  wideband  frequency  modulated  (FM)  signal 
which  was  fed  by  waveguide  to  a  4  foot  parabo¬ 
loid.  The  energy  traveled  through  air  with  a  de¬ 
lay  of  39.3  microseconds  to  a  receiving  parabo¬ 
loid  at  Naval  Research  Lab  where  the  signal  was 
fed  through  waveguide  to  the  receiver  for  ampli¬ 
fication  and  demodulation.  The  video  output  of 
the  discriminator  was  very  similar  to  the  signal 
fed  to  the  transmitter  at  the  Naval  Observatory. 
The  unprocessed  video  signal  was  fed  to  the  stop 
gate  of  a  start  stop  counter.  The  counter  was 
started  by  a  pulse  (tick)  from  the  standard  clock 
which  was  run  by  the  phase  shifted  output  of  a 
cesium  beam.  The  local  tick  starts  the  counter 
and  the  delayed  tick  stops  the  counter.  The 
system  was  calibrated  as  having  a  delay  of  40.6 
microseconds,  which  included  0.5  microseconds 
delay  at  the  Naval  Observatory,  0.4  microseconds 
delay  in  the  transmitter  and  receiver,  0.4  micro¬ 
seconds  cable  delay  at  the  Naval  Research  Lab 
and  39.3  microseconds  propagation  time  in  air. 

The  calibration  was  achieved  with  the  use  of  a 
cesium  beam  traveling  clock.  The  video  signal 
was  fed  to  a  1  MHz  distribution  amplifier  with  a 
300  cycle  bandpass  which  filtered  out  the  tick 
information  and  delivered  a  pure  sine  wave  for 
phase  comparison  to  the  hydrogen  maser  reference. 

Perturbations  to  the  Link 

Figure  3  shows  a  section  of  a  continuous 
phase  recording.  The  green  trace  Is  the  Naval 
Ooservatory’s  Master  Clock  via  the  microwave 
link  compared  against  the  NRL  hydrogen  maser. 

The  blue  trace  and  the  purple  trace  are  phase  re¬ 
cordings  of  inhouse  cesium  beams  against  the 
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maser.  The  traces  were  so  similar  that  it  was  as 
if  the  Observatory's  master  clock  was  in  our  own 
laboratory.  Continuous  phase  recording,  24  hours 
a  day,  showed  the  technique  to  give  results  which 
were  independent  of  diurnal  shift.  The  link  has 
been  in  operation  since  September  1969,  and  does  . 
not  appear  to  be  affected  by  seasonal  and  temper¬ 
ature  changes.  The  only  weather  condition  which 
seriously  affected  the  link  was  one  of  heavy  wet 
snow  accumulating  on  the  paraboloid  which  caused 
it  to  act  as  a  microwave  absorber.  The  transmis¬ 
sion  path  was  directly  over  National  Airport  which 
permitted  evaluation  of  the  effects  of  high  density 
air  traffic.  The  presence  of  individual  airplanes 
was  repeatedly  observed  by  the  amplitude  of  the 
signal  on  an  oscilloscope  but  was  not  detectable 
on  the  phase  recording. 

Simultaneous  Time  and  Frequency  Information 

Simultaneous  time  and  frequency  information 
was  transmitted  by  sending  a  precision  1  MHz 
signal  and  1  pps,  algebraically  added  together. 
Figure  4  shows  the  oscilloscope  presentation  of 
the  composite  signal.  A  storage  oscilloscope 
triggered  by  an  external  precision  tick  was  used. 
Thus,  continuous  phase  Information  was  available 
for  frequency  comparison  and  epoch  time  was  pro¬ 
vided  by  the  tick.  The  correlation  of  the  tick  and 
the  phase  yielded  a  method  of  cross  checking  time 
which  assured  freedom  from  timing  errors  at  the 
receiving  end.  In  Instances  where  the  output  of 
the  1  MHz  was  multiplied  by  10  to  1000  times 
phase  resolution  was  observed  to  be  better  than 
10  nanoseconds.  Figure  S  shows  a  phase  record¬ 
ing  of  the  signal  multiplied  by  100  times.  Full 
scale  is  10  nanoseconds.  An  alternate  method  of 
obtaining  high  resolution  would  be  the  transmis¬ 
sion  of  a  higher  frequency  (5  MHz  or  10  MHz). 

A  crystal  oscillator  was  phase  locked  to  the 
1  MHz  output  of  the  distribution  amplifier  which 
yielded  an  alternate  method  of  preserving  time  and 
phase  measurements  through  minor  interruptions. 
The  frequency  of  the  oscillator  was  adjusted  to 
that  of  the  standards  so  if  the  link  were  inter¬ 
rupted  the  oscillator  continued  to  provide  continu¬ 
ity  for  determination  of  time. 

Frequency  Standards  Compared 

Frequency  standards  of  the  highest  caliber 
were  used  at  all  terminals  of  the  link.  Figure  6  is 
a  photo  of  the  hydrogen  masers  at  Naval  Research 
Lab.  Maser  1  on  the  right  has  operated  for  6  years 
as  the  NRL  standard.  Figure  7  is  a  photo  of  a 
cesium  beam  primary  frequency  standard.  A  com¬ 
bination  of  these  two  types  of  standards  permits 
implementation  of  an  excellent  method  for  the 
determination  of  precision  time.  Figure  8  shows 


data  obtained  at  the  Naval  Observatory  of  a  phase 
comparison  of  Naval  Research  Lab's  hydrogen 
maser  via  the  microwave  link  against  the  Naval 
Observatory's  maser.  The  green  trace  showed  a 
frequency  adjustment  of  the  Naval  Observatory's 
maser.  The  smooth  trace  showed  the  excellent 
short  term  stability  of  the  li  :k  as  well  as  of  both 
the  standards.  The  Naval  Observatory's  data 
showed  the  USNO  H10  #10  maser  had  a  standard 
deviation  of  5  nanoseconds  for  an  averaging  time 
of  5  days  for  readings  taken  every  3  hours.  NRL 
H10  #1  maser  via  microwave  link  had  a  standard 
deviation  of  8.2  nanoseconds  for  the  same  condi¬ 
tions.  For  1.5  day  averaging  time  USNO  #10 
maser  had  a  standard  deviation  of  2.2  nanoseconds: 
NRL  #1  maser  +  link  had  a  standard  deviation  of 
3.6  nanoseconds.  Figure  9  shows  data  obtained 
and  graphed  at  the  Naval  Observatory.  These 
graphs  show  the  performance  of  Naval  Research 
Lab  hydrogen  maser  via  microwave  link  against  the 
Naval  Observatory’s  computed  average.  The  top 
graph  shows  the  frequency  offset  from  1  January 
1970  to  2  March  1970  where  full  scale  is  5  parts 
in  1012,  The  lower  graph  shows  the  standard 
deviation  in  nanoseconds  of  a  1 -day  averaging 
time  of  readings  taken  every  3  hours  from  1  January 
1970  to  2  March  1970.  It  was  noted  thai  the  sigma 
values  fall  below  8  nanoseconds. 

Microwave  Gear 

Navy  surplus  microwave  equipment  was 
utilized  for  the  link.  Separate  transmitter  and 
receiver  klystrons  were  used.  Figure  10  shows  a 
photo  of  the  equipment  at  a  microwave  terminal  - 
a  transmitter  and  receiver  connected  by  a  diplexer. 
A  diplexer  was  used  to  allow  transmitting  and  re¬ 
ceiving  from  the  same  4  foot  microwave  paraboloid. 
The  frequencies  being  used  were  in  the  7  GHz 
range  which  allowed  the  use  of  highly  directive 
parabolic  antennas.  Low  transmitter  power  was 
utilized  and  interference  was  minimized  by  the 
narrow  beams.  Carrier  frequency  stability  was  not 
critical  allowing  the  use  of  unsophisticated  micro- 
wave  terminals.  The  narrow  beams  reduced  the 
multipath  error  to  a  minimum.  The  multipath  which 
did  occ  lr  came  from  sources  close  to  the  direct 
path  and  the  timing  error  remained  small.  The  first 
information  arriving  was  the  direct  path  so  that  in 
cases  where  multipath  did  occur  the  leading  edge 
of  a  pulse  was  used  to  give  time  information.  A 
start  stop  counter  was  used  to  minimize  the  effects 
of  the  multipath. 

Waldorf  Link 

A  second  microwave  link  was  recently  estab¬ 
lished  in  conjunction  with  satellite  timing  experi¬ 
ments  between  the  Naval  Observatory  and  the 
satellite  communications  terminal  at  Waldorf, 
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Maryland,  Figure  11  shows  a  photo  of  the  6  foot 
microwave  paraboloid  on  top  of  a  100  foot  tower 
with  the  satellite  communications  antenna  in  the 
background.  The  20  mile  link  was  practically 
line  of  sight.  Phase  recordings  have  been  made  of 
the  Naval  Observatory  master  clock  versus  cesium  . 
clock  #208  at  Waldorf.  The  phase  record  of  this 
link  is  shown  in  Figure  12.  The  chart  has  a  full 
scale  deflection  of  1  microsecond  and  showed 
phase  resolution  to  better  than  10  nanoseconds . 

Conclusions 

The  concept  of  using  a  microwave  link  to 
transfer  precise  time  and  frequency  information 
with  a  high  order  of  accuracy  has  been  satisfac¬ 
torily  implemented.  The  capability  to  transfer 
data  from  remotely  located  standards  is  particu¬ 
larly  important  in  eliminating  systematic  errors 
such  as  caused  by  temperature  changes  and  power 
failures.  At  present,  7  precision  standards  are 
being  intercompared  via  the  microwave  link. 

The  microwave  link  is  in  current  use  as  part 
of  an  experimental  program  to  disseminate  time 
worldwide.  At  present,  epoch  time  is  being  trans¬ 
ferred  to  2  satellite  systems.  Time  has  been 
transferred  from  the  Naval  Observatory  to  the 
Naval  Research  Laboratory's  satellite  research 
communications  terminal  at  Waldorf.  A  descrip¬ 
tion  of  one  satellite  time  transfer  experiment, 
between  Brandywine  and  Hawaii,  was  recorded  in 
Naval  Research  Laboratory's  Memorandum  Report 
2110,  "Time  Transfer  by  Communication  Satellite" 
of  March  25,  1970,  by  R.R.  Stone,  J.  Murray, 

D.  Phillips,  and  D.  Prltt. 
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Results 
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Time  transfer  to  better  then  0. 1  microseconds  have  baen  achieved. 


figure  I.  MICROWAVE  LINK 
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Figure  0,  TUNING  OF  USNO  IU0  »10  MASER  WITH 
NRL  1110  # I  MASER  VIA  MICROWAVE  LINK 
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MICROWAVE  TOWER  AMD  ANTENNA  AT  WALDORF,  MARYLAND 


DIURNAL  PHASE  CONSTRUCTION  OF  VLF  SIGNALS 
NEAR  ANTIPODE  OF  A  TRANSMITTER 

Andrew  R.  Chi 
Goddard  Space  Flight  Center 
Greenbelt.'Md.  20771 


Abstract 

During  a  field  trip  in  March  1967,  to  a  NASA  track¬ 
ing  station  in  Carnarvon,  Western  Australia  for  testing 
time  synchronization  using  dual  VLF  transmissions  from 
NBS  Radio  Station  WWVL,  Fort  Collins,  Colorado,  it  was 
found  that  the  phase  of  the  received  signal  did  not  exhibit 
the  familiar  diurnal  phase  patterns.  It  was  further  ob¬ 
served  that  the  phase  tracking  receiver  locked  at  differ¬ 
ent  positions  during  and  near  the  sun-rise  and  sun-set 
periods. 

From  relative  amplitude  measurements  and  phase 
records  of  the  received  signals,  these  observed  phase 
changes  during  and  near  the  sun-rise  and  sun-set  periods 
were  identified  to  be  due  to  reception  of  other  signals. 
These  other  signals  were  postulated  to  be  those  signals 
which  were  propagated  along  the  path  in  the  opposite 
directions  of  the  transmitter-receiver  path.  Using  this 
hypothesis  and  assuming  that  the  total  phase  delay  of  the 
emitted  signals  from  the  transmitter  to  the  receiver  over 
the  long  and  short  propagation  paths  is  constant,  the  di¬ 
urnal  phase  near  the  antipode  of  the  transmitter  can  be 
constructed. 

This  paper  will  present  the  results  of  diurnal  phase 
construction  from  the  phase  records  obtained  in  March 
1969  in  Carnarvon  which  is  near  the  antipode  of  the 
WWVL  transmitter. 

Background 

Since  Pierce1  identified  that  the  phase  variation  of 
a  received  VLF  signal  Is  diurnal,  and  that  the  pattern  is 
characteristic  of  the  propagation  medium,  path  length, 
etc.  the  application  of  VLF  transmission  for  precision 
frequency  comparison  became  immediately  obvious.  The 
diurnal  phase  pattern  also  becomes  a  signature  for 
identifying  the  receiving  of  a  VLF  signal. 

During  a  field  trip  in  March  1967,  to  a  NASA  tracking 
station  in  Carnarvon,  Western  Australia  for  testing  time 
synchronization  using  dual  VLF  transmissions5  from  NBS 
Radio  Station  WWVL,  Fort  Collins,  Colorado,  it  was  found 
that  the  phase  of  tho  received  signals  did  not  exhibit  the 
familiar  diurnal  phase  patterns.  It  was  further  observed 
that  the  phase  tracking  receiver  (Tracor  Model  599) 
locked  at  different  positions  during  and  near  the  sun- rise 
and  sun-sot  periods. 

The  Irregular  phase  variation  of  the  received  signal 
during  the  sun- rise  and  sun-set  hours  was  postulated  to 


be  that  due  to  two  signals  received  from  the  transmitter 
propagated  along  a  great  circle  in  two  opposite  direc¬ 
tions.  The  hypothesis  was  not  tested  until  March,  1969 
when  a  group  from  GSFC  headed  by  D.  A.  Premo  wont  to 
Carnarvon  to  test  the  optical  tracking  for  Geodetic 
Satellite,  GEOS  II.  The  results  of  this  report  bear  out 
the  hypothesis  and  also  provide  a  new  technique  for 
constructing  the  diurnal  phase  from  the  two  received 
signals  near  the  antipodal  point  of  a  transmitter. 

Instrumentation 

Nearly  identical  instrumentation  and  procedure 
were  furnished  to  the  second  group  who  went  to  Australia 
to  re-test  the  reception  of  the  dual  VLF  transmissions. 
These  include  two  phase  tracking  VLF  receivers  (Tracer 
Model  599),  phase  coherent  frequency  generator  for 
receiver  calibration,1  loop  and  whip  antennae  with  a 
cardiod  unit,  a  rubidium  portable  clock  (Tracer  Model 
307 A)  for  time  reference,  and  a  rubidium  gas  cell  fre¬ 
quency  standard  (II, 'P  Model  5065A)  for  frequency  refer¬ 
ence  and  comparison  with  the  portable  clock. 

WWVL  Transmissions 

The  19.9  and  20.0  KJlz  carrier  frequencies  v/hich 
had  been  transmitted  by  WWVL  since  1965  were  changed 
to  20.0  and  20.5  KHz  on  October  7,  1968.  For  our  test 
those  two  carrier  frequencies  were  changed  again  to  19.9 
and  20.5  KHz  in  February  and  March  1969  by  the  National 
Bureau  of  Standards.  The  transmission  was  also  changed 
to  permit  positive  identification4  of  the  received  VLF 
signals  to  a  format  follows: 

1.  Single  frequency  transmission  at  19.9  KHz  from 
2300  UT  February  25  to  1700  UT  March  1,  1969. 

2.  Single  frequency  transmission  at  20.5  KHz  from 
1700  UT  March  1  to  1700  UT  March  4,  1969. 

3.  Dual  Frequency  transmission  at  19.9  and  20.5 
KHz  alternately  at  10  second  intervals  from  1700 
UT  March  -1  and  terminating  at  1700  UT  March 
11,  1969. 

Experimental  Result 

The  actual  phase  records  of  19.9  and  20.5  KHz  re¬ 
duced  in  size  aro  shown  in  Figure  1.  It  is  obvious  that 
these  curves  do  not  exhibit  the  recognizable  diurnal  phase 
pattern  which  is  typical  of  a  VLF  signal  propagated  by  a 
single  path.  Using  the  19.9  KHz  phase  record,  if  tho 
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signal  phase  during  0900  and  1800  UT  February  26,  is 
received  during  night  time  along  the  short  path  between 
Fort  Collins  and  Carnarvon,  the  phase  record  from 
2200  to  0200  UT  February  26  and  27  would  have  to  be 
that  along  the  long  path  during  night  time  since  during 
this  time  the  signal  phase  is  increased  in  delay. 

Hypothesis 

In  order  to  construct  a  diurnal  phase  of  a  VLF  sig¬ 
nal,  the  received  phase  of  the  signal  propagated  by  a 
mixed  paths  must  be  converted  to  that  by  a  single  path, 
i.o.,  the  signal  phase  propagated  along  the  long  path 
must  be  converted  to  the  equivalent  signal  phase  along 
the  short  path. 

The  conversion  of  the  signal  phase  propagated  by 
the  long  path  to  that  by  the  short  path  is  made  with  the 
following  assumptions: 

a.  The  sum  of  the  propagation  delay  of  a  VLF  sig¬ 
nal  along  the  short  path  and  along  the  long  path 
is  constant. 

b.  The  difference  in  the  propagation  delay  for  day 
time  and  night  time  paths  can  be  approximated 
by  using  two  propagation  phase  delays  per  unit 
length  to  account  for  the  variation  of  the  height 
of  the  signal  reflection  medium,  D-layer  of  the 
ionosphere. 

Using  tho  above  assumptions,  we  can  consider  the  posi¬ 
tions  of  the  transmitter  and  receiver  located  in  a  great 
circle  as  shown  in  Figure  2  by  T  and  R  respectively. 

The  signal  time  delay  along  the  short  path,  TAR,  is  given 
by  equation  (1)  and  tho  signal  time  delay  by  the  long  path, 
TBR,  is  given  by  equation  (2). 

A  ip. 

l,  -  *(>*  *ypn  =n,r  + — 1  (i) 


‘l  =<1d-X>^+<1n-y>^n=niT+-7i  (2) 


In  equations  (1)  and  (2)  ^  is  tho  propagation  de'ay  per 
unit  length  ;  1  ,  x ,  and  y  arc  propagation  path  lengths  as 
shown  in  Figure  2;  n  is  an  integer;  /  is  1/f;  ~  is  circular 
frequency;  -4  is  phase  angle  less  than  2 n ;  and  the  sub¬ 
scripts  s,  1 ,  d,  and  n  denotes  short  path,  long  path,  day, 
and  night  respectively. 

Add  equations  (1)  and  (2)  we  obtain  equation  (3).  K 
is  a  constant  under  assumption  (a). 


* l,  =i<i  **  rK 


From  equations  (2)  and  (3)  we  can  also  write  equation 

(3) 


=  cafK  -  (nt  +  n,  )  rj  -  A01 .  (4) 

Let 


1>k  =  w  [K  -  (ns  +  n,  )  r] 

which  is  also  a  constant  of  n,  and  n ,  do  not  change. 
Equation  (4)  can  then  be  written  as 


A0,  =  <Pk-A  <*>,.  (5) 

Equation  (5)  implies  that  the  signal  phase  along  a  long 
path  can  be  converted  to  an  equivalent  short  path  phase 
by  a  mirror  reflection  along  the  axis  <pk. 

In  VLF  phase  tracking  it  has  been  observed,  how¬ 
ever,  that  n,  and  n,  do  not  remain  constant.5  This 
change  occurs  whenever  the  signal  phase  is  changed  at  a 
rate  faster  than  that  of  the  servo  system  of  the  receiver. 
When  such  phase  change  occurs,  the  phase  record  usually 
indicates  a  phase  jump  which,  due  to  receiver  design, 
takes  the  steps  of  a  whole  integer  of  cycles  of  the  carrier 
frequency  unless  there  is  a  discontinuity  in  operation. 

In  Phase  conversion  from  a  long  path  to  a  short  path,  the 
integer  of  cycles  of  phase  jump  becomes  an  integer 
multiple  of  a  half  cycle  due  to  mirror  reflection. 

Phase  Conversion 

If  the  signal  of  a  received  VLF  transmission  is 
propagated  along  a  short  path  and  then  along  a  long  path, 
the  signal  phase  along  the  long  path  can  be  converted  to 
that  along  the  short  patli  by  a  mirror  reflection  at  the  time 
when  the  transition  took  place.  This  is  based  on  the  fact 
that  tho  total  propagation  delay  of  the  signal  along  a  great 
circle  is  constant,  if  there  is  a  change  in  phase  due  to  the 
signal  strength  dropping  below  the  receiver  threshold, 
such  as  those  indicated  b,  integer  cycle  separation  in 
Figure  3,  the  phase  conversion  can  Le  made  by  the  same 
technique.  Of  course,  the  mirror  position  is  shifted  if 
the  phase  change  is  not  corrected  as  indicated  by  the 
solid  lines.  When  the  phase  change  is  corrected,  the 
mirror  position  is  moved  by  multiples  of  one-half  cycle 
as  indicated  by  the  dashed  lines. 

This  phase  processing  technique  can  be  used  only  if 
tho  change  of  reception  of  tho  signal  via  long  path  to  short 
path  is  known.  The  detection  of  the  change  of  the  signal 
must  be  made  by  observing  a  recording  of  the  signal 
amplitude  as  shown  in  Figure  4.  In  Figure  4,  the  lower 
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curve  is  the  amplitude  record  of  the  20.5  KHz  signal 
from  VVWVL  as  received  in  Carnarvon  and  the  upper 
curve  is  the  phase  record  of  the  same  signal.  As  is 
evident  from  the  amplitude  record,  the  received  signal 
amplitude  is  gradually  dropped  to  -lOdb  at  0700  UT  on 
May  3  and  then  increased  to  +10db  at  1000  UT.  The  m- 
crease  in  the  amplitude  of  the  received  VLF  signal  after 
sun-rise  is  contrary  to  the  known  behavior  of  the  field 
strength  of  a  VLF  signal  propagated  by  a  single  path.6 
Since  the  signal  amplitude  is  attenuated  more  during  the 
day  time  propagation  than  during  the  night  time 
propagation,  the  received  signal  after  sun-rise  must 
be  that  which  is  propagated  during  the  night  time  path 
and  is  along  the  opposite  direction.  The  phase  jump  of 
one  cycle  as  indicated  by  the  upper  curve  on  Figure  4  is 
due  to  the  phase  drift  caused  by  noise  in  the  receiver 
in  the  absence  of  a  signal,  i.e.,  the  signal  was  below  the 
threshold  of  phase  tracking  receiver  which  is  -20db. 

This  was  the  case  at  1800  UT.  on  May  3  as  shown  by  the 
lower  amplitude  record,  and  the  same  analysis  is  applied 
for  the  20.5  KHz  signal  as  shown  on  the  upper  curve  in 
Figure  3. 

When  the  10  second  duty  cycle  was  resumed  in  the 
WWVL  transmissions  on  March  4,  the  phase  records 
were  made  for  19.9  and  20.5  KHz  signals.  These  have 
been  reconstructed  in  accordance  with  the  technique 
described  and  are  shown  in  Figures  5  and  G  respectively. 
The  consistent  phase  advance  in  the  19.9  KHz  signal  in 
Figure  5  was  proven  after  the  test  to  be  due  to  the  mal¬ 
function  of  the  phase  detector  of  the  receiver. 

We  have  developed  a  theory  to  explain  the  phase 
conversion  technique  and  are  stiU  collecting  data  to  test 
the  validity  of  this  technique. 
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x  IS  THE  DAY  TIME  PATH  AND  y  IS  THE  NIGHT  TIME  PATH  ALONG  fAfc. 
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19.9  kHz  RECEIVED  PHASE:  TRANSMITTED  FROM  WWVL, 
FT.  COLLIMS,  DQLO.  RECEIVED  AT  CARNARVON,  AUSTRALIA 


20.5  kHz  RECEIVED  PHASE:  TRANSMITTED  FROM  WWVL, 
FT.  COLLINS,  COLD.  RECEIVED  AT  CARNARVON,  AUSTRALIA 


(I) 


DELAY  TIME,  ts  ALONG  SHORT-PATH  fAR, 

A*s 

♦s1  xPd  +  yPn1  nsr  +  -^- 
DELAY  TIME,  tt  ALONG  THE  LONG-PATH  tIr, 

»t  I(ld'x)Pd  +  (ln'y)/>nIntr  +  -J7- 

WHERE  ptin  -  PROPAGATION  DELAY  PER  UNIT  LENGTH  FOR  DAY  OR  NIGHT 
n$  ,  =  INTEGER  OF  CYCLES  ALONG  SHORT  OR  LONG  PATH 
A«#>s  ,  «  PHASE  ANGLE  LESS  THAN  2*  FOR  SHORT  OR  LONG  PATH 
ADD  Equations  (I)  and  (2) 

V’t  1  ldV  lnFn  =  K  (CONSTANT)]  (3) 


ALSO  FROM  Equations  (1)  AND  (2) 

(ns+n/)  r  +  (A«#is+ =K  (4) 
FROM  Equation  4 

A<£s  * u  [K-(ns+n{)T]-A<^ 


A<#>s 


(5) 


WHERE  <£*  =  w [K-(ns+n^)r] 

<#>K  IS  ASSUMED  TO  BE  CONSTANT 
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Suntnary 

The  performance  of  a  quartz  crystal  oscilla¬ 
tor  in  the  Timation  I  satellite  has  been  reported 
in  a  previous  symposium  on  frequency  control  and 
will  be  reviewed  briefly  as  a  basis  for  comparison. 
The  principal  problem  with  the  oscillator  in  this 
first  satellite  was  temperature  coefficient.  The 
effect  of  radiation  on  this  oscillator  has  been 
deduced  from  subsequent  data  and  will  be  presented. 

A  second  experimental  navigation  satellite 
was  launched  in  September  1969  in  which  an  im¬ 
proved  quartz  crystal  oscillator  was  included. 

Pre  and  post  flight  performance  of  this  oscillator 
will  be  compared  with  the  earlier  unit. 

Introduction 

This  paper  discusses  the  performance  of 
quartz  crystal  oscillators  as  frequency  standards 
for  earth  satellite  experiments.  The  preliminary 
results  of  the  first  experiment  were  reported  at 
the  symposium  two  years  ago.  The  oscillator  used 
for  the  first  experiment  u3ed  a  selected  5  MHz 
fifth  overtone  glass  enclosed  crystal  in  a  double 
proportional  oven  system.  The  input  power  re¬ 
quired  was  1,5  watts  at  20°C.  This  unit  was  pro¬ 
vided  with  an  electromechanical  tuning  device  that 
allowed  frequency  adjustments  in  increments  of  one 
part  in  10**.  The  operating  temperature  range  was 
from  -10  to  +35°C. 

Timation  I 

Figure  1  is  a  history  of  frequency  of  the 
oscillator  versus  temperature  for  the  first  eight 
months  of  orbital  life.  The  temperature  coeffi¬ 
cient  determined  from  this  data  was  approximately 
2ppl0**  per  degiec  Celsius.  This  coefficient  was 
higher  than  exported  and  the  primary  limiting 
feature  in  the  orcillator 's  performance.  If  the 
frequency  is  considered  at  various  points  of  equal 
temperature  the  apparent  aging  rate  is  on  the 
order  of  +2pplO*2  per  day.  This  value  is  lower 
than  that  indicated  before  launch.  Radiation  is 
suspected  as  being  the  cause  of  this  favorable 
compensation.  Figure  2  shows  segments  of  fre¬ 
quency  versus  time  and  temperature  at  later 
periods.  It  is  seen  that  the  apparent  aging  rate 
charged  from  a  small  positive  rote  to  a  negative 
one  of  approximately  -1  part  per  10u  per  day. 

At  this  time  the  backup  oscillator  in  the 
laboratory  had  reached  an  aging  rate  of  approxi¬ 
mately  +1  part  per  10*-*  per  day.  If  one  assumes 


that  the  flight  oscillator  had  reached  a  similar 
real  aging  rate  then  the  effect  due  to  radiation 
was  -2  parts  in  10**  per  day.  Figure  3  shows  the 
aging  race  performance  of  the  backup  oscillator 
and  the  performance  of  the  flight  oscillator.  The 
values  for  the  flight  oscillator  after  launch 
were  obtained  by  compensating  the  apparent  aging 
rate  with  the  inferred  radiation  effect.  It 
appeared  that  if  the  shielding  about  the  quartz 
crystal  could  be  increased  by  a  factor  of  two, 
the  radiation  effect  could  be  reduced  at  least  by 
that  amount  with  the  real  value  depending  on  the 
number-energy  distribution  of  particles  in  this 
environment.  The  preflight  tests  on  oscillators 
for  Timation  II  Indicated  fairly  constant  aging 
rates  of  approximately  1  part  per  10*1  per  jay. 

It  appeared  that  the  total  shielding  about  the 
oscillator  in  Timation  I  was  equivalent  to  1  cm 
of  aluminum.  To  double  this  value  approximately 
0.24  cm  of  lead  was  included  in  the  oscillator 
package  for  Timation  II. 

Timation  II 

The  Timation  II  oscillator  includes  two 
major  improvement  factors.  The  first  is  a  crystal 
using  thermal  compression  bonded  leads,  cold 
welded  enclosure  seal  and  a  high  temperature  bake- 
out  under  high  vacuum.  Crystals  prepared  using 
these  techniques  attained  aging  rates  of  a  few 
parts  in  10**  per  day  in  days  compared  to  months 
for  the  crystal  type  used  in  Timation  I.  The 
second  improvement  is  a  triple  proportional  oven 
system  designed  to  improve  the  temperature  coeffi¬ 
cient  by  a  factor  of  ten.  In  addition,  the  tuning 
mechanism  gear  ratio  was  increased  to  reduce  the 
tuning  steps  to  approximately  3.6  parts  per  10*2. 
While  increments  of  this  magnitude  are  beyond  the 
linearity  specifications  of  the  best  piston  type 
capacitors,  this  value  is  consistent  when  50  or 
more  increments  are  averaged. 

A  proportional  controlled  thermal  electric 
temperature  control  system  was  developed  during 
the  design  of  Timation  II  as  an  experiment  to 
determine  if  a  critical  satellite  component  could 
be  maintained  at  a  relatively  constant  temperature 
over  the  expected  ambient  variation.  This  device 
was  installed  with  the  oscillator  to  provide  im¬ 
proved  thermal  control. 

Figure  4  is  a  graph  of  percent  time  in  sun¬ 
light  of  the  satellite,  satellite  temperature  and 
oscillator  temperature  versus  time.  The  thermal 


339 


electric  system  maintained  the  oscillator  tempera¬ 
ture  at  24°  +  0.1°C  over  the  variations  in  tempera¬ 
ture  of  the  satellite.  The  vertical  lines  for 
satellite  temperature  for  each  day  show  the  range 
of  temperatures  measured  during  from  three  to  five 
passes  a  day  from  a  telemetering  station.  These 
data  and  the  oscillators  measured  temperature 
coefficient  of  1-2  parts  per  10^-2  per  °C  indicate 
that  the  oscillators  performance  is  independent  of 
ambient  temperature. 


limit  the  predictability  of  time  (or  phase)  for 
short  periods.  The  problem  cause  appears  to  be 
one  of  oven  stability  and  time  constant.  Present 
design  efforts  are  being  directed  in  this  area1. 


Figure  5  is  a  graph  of  frequency  versus  time 
for  the  satellite  oscillator.  The  lower  curve 
shows  the  measured  frequency  and  the  times  and 
increments  of  tuning  operations.  During  the 
early  phase  the  aging  rate  is  positive  and  grad¬ 
ually  approaching  zero.  Optimistically,  it  was 
hoped  that  the  oscillator  was  recovering  from  the 
effects  of  launch  vibration  and  zero  g  environ¬ 
ment.  The  low  aging  rote  observed  prior  to  launch 
(approximately  1  part  per  10^  per  day)  and  the 
expected  radiation  effect  with  the  increased 
shielding  could  possibly  yield  a  long  term  aging 
rate  of  a  few  parts  in  10*2  per  day. 

The  balance  of  the  data  shows  our  optimism 
was  short  lived.  The  effect  of  radiation  is 
apparent  and  soon  become  approximately  constant. 

It  appears  that  the  oscillator  has  reached  a  re¬ 
latively  low  constant  aging  rate  but  the  effect 
of  radiation  has  been  miscalculated.  The  upper 
curve  is  the  normalized  frequency  versus  time 
curve  and  provides  a  more  graphic  view  of  the  re¬ 
sults. 

Subsequent  studies  have  provided  the  probable 
answer.  Different  pieces  of  quartz  exhibit  dif¬ 
ferent  frequency  variations  with  radiation  dosage. 
For  example,  Figure  6  is  a  graph  of  frequency 
versus  radiation  dosage  carried  approximately  to 
saturation.  It  is  significant  that  the  slope  of 
the  curve  (extrapolated)  for  low  dosage  is  highest. 
This  particular  crystal  showed  a  maximum  value  of 
4  parts  per  loll  per  rod  initially  and  decreased 
from  that  point.  The  Q  of  this  unit  changed  from 
1.4  x  10&  before  radiation  to  0.7  x  10*>  after  near 
saturation.  It  would  appear  that  components  which 
show  reduced  radiation  effects  such  os  swept 
quartz,  are  probable  answers.  Radiation  tests 
might  be  made  on  a  particular  crystal  to  provide 
the  value  of  shielding  necessary  for  compensation 
in  a'known  environment.  Sufficient  shielding  to 
make  the  radiation  effect  negligible  is  straight¬ 
forward  but  a  weight  consideration  for  many  appli¬ 
cations. 


Figure  7  is  a  plot  of  aging  rate  versus  time 
to  show  the  typical  performance  of  the  Timation  IX 
oscillator  after  a  tuning  operation  (prior  to 
flight)  the  dotted  curve  is  the  long  term  aging 
rate  based  on  the  total  accumulated  time  versus 
time.  The  second  curve  is  a  day  to  day  aging 
rate  determined  by  the  difference  in  offset  fre¬ 
quency  for  one  day  (based  on  the  accumulated  time 
for  that  day)  subtracted  from  the  next  day.  While 
ha  long  term  aging  shows  an  acceptable  device  for 
long  term  timekeeping,  the  day  to  day  variations 
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THE  OMEGA  NAVIGATION  SYSTEM  AS  A  SOURCE  OP  FREQUENCY  AND  TIME 

Winslow  Palmar,  PE 
68  Lucinda  Drive 
Babylon, . NY  11702 


Summary 

Because  it  necessarily  provides  a 
highly-stable  world-wide  radio  signal 
field  synchronized  to  UT,  with  a  format 
adapted  to  ready  determination  of  the 
phase  of  the  signals  of  at  least  three 
VLF  Radio  Stations  at  every  place  on 
earth,  the  OMEGA  Radio  Navigation  and 
position  Locating  System  is  inherently 
also  a  world  wide  source  of  Standard 
Frequency  and  Time  of  exceptional  qual¬ 
ity. 

There  is  NO  essential  conflict 
between  the  use  of  OMEGA  for  position 
locating  and  as  a  source  of  Time  and 
Frequency.  The  same  receiving  equip¬ 
ment  can  be  utilized  for  either  purpose 
without  modification. 

As  presently  being  implemented,  the 
OMEGA  Signal  Format  can  be  tracked  to 
yield  a  continuous  24  hour.-a-day  Stand¬ 
ard  of  Frequency  and  Time  anywhere  on 
earth,  with  a  phase  variation  of  the 
order  of  a  few  microseconds  RMS  or 
better;  but  does  not,  however,  yield 
an  unambiguous  epoch  of  time  without 
initial  setting. 

A  completely  unambiguous  time 
service  could  be  provided  in  the  OMEGA 
Signal  Format,  with  minimal  impact  on 
all  present  users  of  Navigation  equip¬ 
ments,  by  lowering  the  OMEGA  RF  fre¬ 
quencies  by  0.75#  (0.0075  per  unit) 

and  adding  two  additional  components 
to  the  Multiplexing  Pattern. 


Introduction 

All  radio  navigation  systems  are 
inherently  also  souroes  of  Frequency  and 
Time. 

For  an  area  ooverage  radio  naviga¬ 
tion  system  to  function,  it  must  pro¬ 
vide  highly  stable  synchronized  signals 
from  at  least  three  more  or  loss  widely 
spaced  locations,  whioh  can  be  received 
throughout  its  coverage  area;  with  a 
signal  format  adapted  to  ready  deter¬ 
mination  of  relative  phase  or  timing 
with  a  minimum  of  ambiguity. 


These  characteristics  are  precisely 
those  required  of  a  radio  source  of 
Standard  Frequency  and  Time. 

The  OMEGA  Navigation  System  Is  to  be 
a  world  wids  radio  navigation  or  radio 
position-locating  system  in  which  the 
"Phase  Field'*  of  the  signals  or  eight 
VLF  (10  -  14  kHz)  radio  transmitting 
stations,  distributed  around  the  world 
in  a  more  or  less  uniform  net,  as  in 
Figure  1,  provide  a  world  wide  grid  of 
stationary  iso-phase  contours  as  position 
coordinates  whereby  the  location  of  any 
point  on  earth  can  be  identified. 

For  the  Phase-Field  of  the  OMEGA 
Signals  to  be  stationary  so  as  to  give  a 
stable  and  precise  indication  of  position: 

o  The  signals  of  the  several  sta¬ 
tions  must  be  synchronized  to 
within  a  very  few  microseconds 

o  The  Format  of  the  signals  must 
be  dosigned  to  allow  the  signal 
phase  to  oo  determined  readily 
and  without  significant  ambig¬ 
uity,  and 

o  The  signals  of  at  least  three 
(preforably  four)  of  the  eight 
stations  must  bo  receivable  at 
every  point  on  earth. 

As  a  purely  positioning  device, 
there  is  no  requirement  that  the  CMEGA 
signals  conform  to  any  particular  scale 
of  Standard  Timo,  since  for  position 
locating  it  is  only  necessary  that  tho 
components  of  tho  signal  format  system 
bo  synchronous  among  themselves.  How¬ 
ever,  to  guarantee  tho  stability, 
reliability  and  phase  continuity  of  the 
OMEGA  signals,  the  overall  timing  of 
the  OMEGA  Signal  ^ield  is  to  be  derived 
from  tho  concensus  of  thirty- two  Atomio 
Frequency  Standards  (four  per  station  at 
eight  different  locations  distributed 
more  or  less  uniformly  around  the  world) 
all  operating  under  essentially  ideal 
conditions  of  stable  environment  and 
undisturbed  operation,  with  careful 
maintainanoe  by  trained  crews  dedicated 
to  achieving  the  utmost  in  stability  and 
continuity  of  operation. 


These  Inherent  characteristics  of  the 
OMEGA  Signal  Field: 

o  Ultra  Stable  Frequency 

o  Ready  determination  of  phase 

with  no  significant  ambiguity 

o  Signals  of  three  or  more  sta¬ 

tions  receivable  everywhere 
on  earth 

are  precisely  the  qualities  required  of  a 
World  Wide  Standard  of  Frequency  and  Time. 


System  Status  (1970) 

There  are  presently  (1970)  four 
OMEGA  stations  in  operational  status. 
Station  A  (Norway);  B  (Trinidad) j 
C  (Hawaii)  and  D  (New  York,  USA) 

Construction  of  a  station  in  North 
Dakota,  USA  to  replace  the  station  in 
New  York  has  been  started,  and  it  is 
understood  that  negotiations  are  under¬ 
way  for  the  installation  of  the  four 
other  stations  to  complete  the  world  wide 
network. 

Possible,  (  not  official)  locations 
of  the  other  four  stations  might  be 
southern  South  America  (Chile  or  Argen¬ 
tina),  Japan,  New  Zealand  or  Tasmania 
and  La  Reunion  Is. 


Power 

Each  station  is  to  radiate  a  signal 
at  a  power  level  of  10  KW,  suoh  that 
at  any  place  on  earth  at  least  three  (3) 
and  possibly  up  to  five  (5)  of  the  eight 
stations  can  always  be  received  at  a  use- 
able  signal  to  noise  ratio  under  the 
worst  conditions  of  natural  atmospherio 
noise  and  ordinary  man-made  interference. 


Signal  Format 

The  format  of  the  signals  emitted  by 
one  OMEGA  station  is  a  recurring  pattern 
of  three  successive  one-seoond  trans¬ 
missions  of  pure  continuous  wave  (CW); 
consisting  of  a  one  second  (more  or  l*sa) 
transmission  at  10.2  kHz;  followed  by 
another  one-second  transmission  at  13.6 
kHz  and  then  a  third  at  11  l/3  kHz;  re¬ 
peating  every  ten  seconds,  with  gaps  of 
0.2  second  between  transmissions  and 
six  to  seven  seconds  between  groups,  as 
illustrated  in  Figure  2.  Baoh  trans¬ 
mission  is  a  segment  of  a  continuous 
smooth  sinusoidal  wave  of  that  frequency. 
That  is,  if  extrapolated  over  the  ten- 
second  interval  betwoen  transmissions  at 


that  frequency,  each  transmission  would 
fall  precisely  in  phase  with  the  proceed¬ 
ing  and  following  transmissions  from  that 
station  at  that  frequency,  as  sketched 
(not  to  scale)  in  Figure  3« 


Interlaced  Transmission  Pattern 

The  eight  stations  of  the  OMEGA  net¬ 
work  are  to  transmit  their  segments  at 
each  frequency  in  turn.  The  total  of 
all  transmissions  at  all  three  frequen¬ 
cies  form  an  interlaced  pattern  of  twenty- 
four  one  second  transmission  on  three 
frequencies,  as  In  Figure  4» 

Aii  transmi  jions  in  a  given  segment 
of  the  sequence  are  of  the  same  length, 
but  the  length  of  transmission  varies  from 
segment  to  segment  of  the  pattern,  to 
form  a  repeating  length-coded  pattern 
identifying  individual  segments  within 
the  sequence.  The  lengths  of  the  suc¬ 
cessive  segments  in  s econds,  are: 

ABCDEFGH 

0.9  1.0  1.1  1.2  1.1  0.9  1.2  1.0 

with  a  gap  of  0.2  second  between  trans¬ 
missions,  for  a  total  of  exactly  10  sec¬ 
onds  for  the  full  sequence. 


Signal  Synchronization 

For  the  Phase-Field  of  the  OMEGA 
Signals  to  be  stationary,  the  trans¬ 
missions  of  all  stations  must  be  synch¬ 
ronous  to  within  a  fraction  of  a  micro¬ 
second.  To  achieve  and  maintain  system 
synchronization  to  this  precision,  in 
the  face  of  transmission  uncertainties 
and  signal  outages,  etc.,  the  transmis¬ 
sions  of  each  station  are  timod  by  the 
consensus  o? "four  (4)  Atomic  Frequency 
Standards,  and  four  (4)  independent cross- 
cneoklng  signal  format  generators,  pro¬ 
viding  very  precisely  timed,  stable  and 
reliable  driving  signals  for  the  trans¬ 
mitters,  for  which  the  probability  of 
loss  of  phase  continuity  is  essentially 
negligible. 

A  system  monitor  associated  with  each 
station  determines,  more  or  Aoss  contin¬ 
uously,  the  phase  difference  between  the 
signals  of  that  station  and  the  signals  of 
other  stations  within  range.  The  phase 
difference  information  from  all  monitors 
is  then  collected  at  a  central  location, 
and  analysed  to  determine  tho  state  of 
the  system,  including 

o  phase  retardation  over  the  dis¬ 
tance  betwoen  oaoh  pair  of  sta¬ 
tions 
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o  the  deviation  of  the  phase  of 
each  signal  from  the  moan  phase 
of  the  system  (corrected  for 
retardation) 

o  phase  difference  between  the 

system  mean  phase,  and  Standard  • 
Time. 

Prom  time  to  time,  the  phase  and 
frequency  of  each  station  is  then  adjust¬ 
ed  so  as  to  minimize  its  deviation  from 
the  mean  of  the  system;  and  all  stations 
are  adjusted  to  steer  the  mean  phase  of 
the  system  to  Standard  Time. 

Because  of  the  extreme  stability  of 
the  station  timers  (1  :  1011  or  better) 
the  observations  of  phase  difference  with 
respect  to  any  one  signal  can  be  restrict¬ 
ed  to  the  most  stable  transmission  periods 
for  that  signal;  and  phase  differences 
obsorved  during  periods  of  sun-spot 
activity,  magnetic  storms,  and  other 
propagation  disturbances  can  be  and  are 
ignored. 

At  the  present  writing  (1970)  the 
evidence  seems  to  bo  that  the  rosidual 
systematic  synchronization  error  between 
stations  is  of  the  order  of  one  micro¬ 
second  or  less;  with  a  random  variation 
of  a  few  nano-seconds. 


Relative  Phase  of  the 
Omega 'PTeiH "Components. 

The  timing  of  all  components  of  the 
OMEGA  Signal  Field  is  controlled  such 
that  every  RF  component  as  radiated  from 
every  station  (if  extrapolated  to  a  con¬ 
tinuous  sinusoid)  passes  through  zero 
with  positive  slope  concurrently  with  the 
beginning  of  the  first  or  "A*  Segment 
of  the  multiplexing  sequence,  exactly  on 
each  minute  and  half  minute  of  Standard 
Time. 


Each  segment  of  the  multiplexing 
sequence  (Figure  3)  begins  on  an  exact 
one-tenth  (0.1)  Second  epoch  of  Stand¬ 
ard  Time.  That  is,  the  A  Segment 
always  begins  oxaotly  on  an  even  ten 
second  epooh  of  standard  time.  A  B 
Segment  then  begins  exactly  1.1  seconds 
later,  A  C  Segment  starts  2.3  seconds 
after  each  even  10  seconds,  etc;  the 
complete  sequence  being 

ABCDEPGH 

0.0  1.1  2.3  3.6  £.0  6.3  7.1;  6.8 

The  10.2  kHz  and  13.6  kHz  compon¬ 
ents,  being  exact  harmonics  of  10  Hz, 
pass  through  zero  with  positive  slope 
at  each  0.1  second  epoch,  and  hence 


have  a  zero  coincident  with  the  beginning 
oi  every  segment  of  the  multiplexing 
sequence.  Unfor tunately  (for  a  time 
signal  that  is)  the  11  1/3  kHz  component 
not  being  a  harmonic  of  10  Hz,  is  a 
maverick  that  does  not  begin  every  seg¬ 
ment  of  the  sequence  at  zero  phase  as  do 
the  10.2  and  13.6  kHz  components.  How¬ 
ever,  since  its  period  is  commensurate 
with  0.3  second,  the  11  1/3  kHz  compon¬ 
ent  does  pass  through  zero  with  positive 
slope  concurrently  with  the  start  of  each 
multiplexing  segment  at  least  once  every 
three^  sequences,  ie.,  30  seconds,  viz 


adfbcbgh 
0.0  3.6  6.3  11.1  12.3  15.0  17.1;  28.8 

The  three  R*1'  frequency  components, 
as  transmitted  from  each  station  are 
controlled  so  as  to  have  a  triply  con¬ 
current  zero  (if  extrapolated  to  contin¬ 
uous  sine  waves)  as  in  Figure  5,  exactly 
on  the  minute  and  half  minute  of  Standard 
Time.  The  same  relative  phase  (triply 
coincident  7,ero)  repeats  at  the  least 
common  multiple  of  the  individual  RF 
periods,  or  every  882+  microseconds; 
io.»  17  periods  per  15  milliseconds. 

The  triply  coincident  zeros  of  the  three 
RP  components  also  coincide  with  the 
beginning  of  every  segment  of  the  multi¬ 
plex  sequence  at  ioast  once  in  every  three 
sequences  (30  seconds) 


Thus,  the  OMEGA  Signal  Field  is  a 
high-stable  multiply-periodic  function  of 
time  whose  various  components  subdivide 
the  flow  of  time  into  sequences  of  identi¬ 
fiable  periods  commensurate  with  Standard 
Time,  viz 


10.2  kHz  51  Periods  per  5  Milliseo 
13.6  kHz  68  Periods  per  5  Milliseo 
11  1 ,3  kHz  31*-  Periods  per  3  Milliseo 


Triple 

Zeros  17  Periods  per  15  Milliseo 

Multiplex 

Sequenco  1  Period  per  10  Seconds 


Propagation  Considerations 

The  OMSOA  Signal  Field  is  a  highly 
stable  multipley  periodio  function,  whose 
various  components  subdivide  the  flow  of 
time  into  a  set  of  related  sequences  of 
identifiable  periods,  whereby  the  phase 
of  one  or  more  components  of  the  field 
at  the  Instant  of  any  event  of  interests 
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characterizes  the  time  of  the  event. 

The  timing  of  the  signals  is  control¬ 
led  such  that  the  instantaneous  phase  of 
every  component  of  the  signal  being  rad¬ 
iated  from  each  stftion  is  an  exact  rep¬ 
resentation  of  Standard  Time,  as  radiated. 

Out  in  the  field  at  any  distance 
from  the  stations,  however,  the  phase  of 
the  OMEGA  signal  is  retarded  with  respect 
to  the  phase  at  the  station  by  the  time 
required  for  the  signal  to  traverse  the 
intervening  distance  by  seme  6  micro¬ 
seconds  per  nautical  mile.  With  the 
transmission  distances  of  OMEGA,  where 
only  eight  stations  provide  a  signal 
field  encompassing  the  entire  earth,  the 
delay  or  retardation  can  be  as  much  as 
0.03  second,  and  has  a  systematic  diurn¬ 
al  variation  up  to  several  hundred  micro¬ 
seconds. 

According  to  contemporary  theories, 
the  propagation  of  radio  signals  at  VLF 
can  best  bo  described  mathematically  in 
terms  of  "Waveguide  Mode  Fields"  in  a 
"Waveguide  Duct"  bounded  by  the  3urfacd 
of  the  earth  and  the  lower  boundary  of 
the  ionosphere.  In  these  terms  the 
signal  field  at  any  distance  is  the 
resultant  of  one  or  more  "Mode  Fields" 
whose  phase  difference  or  "retard"  rela¬ 
tive  to  the  signal  as  transmitted,  is  a 
more  or  less  linear  function  of  the  dis¬ 
tance  from  the  transmitter,  or  source. 

The  rate  of  change  of  phase  with 
distance,  or  "retardation"  of  a  wave¬ 
guide  mode  field  depends  upon  the  width 
of  the  waveguide  -  in  this  case,  the 
height  of  the  ionosphere.  This  in 
turn  depends  on  the  intensity  of  ioni¬ 
zation  by  solar  energy  and  varies  as  a 
function  of  many  variables,  particularly 
with  the  zenith  angle  of  the  sun,  -  but 
to  a  lesser  degree  with  latitude.  The 
retardation  also  depends  on  the  direction 
of  propagation  relative  to  the  magnetic 
field  of  the  earth,  and  the  electrical 
properties  of  the  boundary  surface. 

The  magnitudes  of  these  effects  are 
substantial  -  the  principle  factor  being 
the  diurnal  change  in  ionosphere  height 
introducing  a  phase  change  of  up  to  two 
or  even  throe  cycles  of  phase  at  1012 
kHz,  ie.,  200  to  300  microseconds  over 
some  distances.  Fortunately,  the  ef¬ 
fects  are  largely  systematic,  and  are 
accounted  for  as  follows. 


Retardation  Prediction. 

The  total  phase  retardation  of  the 
OMEGA  Field  at  any  point  can  be  separated 
into  a  large  constant  part  -  equal  to  the 
retardation  of  a  surface  wave  traveling 


the  geodesic  distance  from  the  station 
to  the  point  of  observation  over  sea 
water;  and  a  much  smaller  systematic 
time  variable  part  dependent  upon  the 
locations  of  transmitter  and  receiver, 
and  the  composition  of  the  path  between; 
and  varying  with  time  of  day  and  season. 

fhe  large  constant  part  is  obtained 
by  computing  the  geodesic  distance  from 
the  geographic  positions  of  transmitter 
and  receiver,  corrected  to  the  geoid 
by  standard  (eg.,  Andoyer-Lambert 
formulae)  methods,  expressing  tho  dis¬ 
tance  in  equivalent  electrical  time 
units.  The  systematic  time-variable 
part  for  the  given  location,  date  and 
time  can  be  obtained  from  established 
OMEGA  skywave  Correction  Tables  (HO  22k) 
published  by  the  U.S.Navy  Oceanographic 
Office  (NAVOCEANO) 

Diurnal  Phase  Variation 

The  magnitude  of  phase  change  between 
night  and  day  is  a  function  of  tho  dis¬ 
tance,  appearing  as  a  diurnal  variation 
of  the  phase,  generally  trapesoidal  in 
shape.  The  phase  varies  slowly  about 
a  more  or  los3  constant  minimum  value 
for  the  duration  of  daylight  over  the 
path  between  transmitter  and  receiver. 

It  rises  to  a  maximum  night-time  value 
as  the  ovening  terminator  sweeps  across 
the  signal  path,  changing  by  up  to 
several  cycles  of  phase  (l.e.,  several 
hundred  microseconds)  over  the  longer 
path  lengths.  It  varies  slowly  about 
a  more  or  less  constant  maximum  value 
during  the  night  and  returns  to  the  day¬ 
time  value  as  the  morning  or  sunrise 
terminator  sweeps  the  path. 

Tho  rate  of  change  of  phase  during 
tho  morning  and  evening  transitions  de¬ 
pends  on  the  station  bearing  relative 
to  tho  terminator  great  cirelo,  as  well 
as  tho  total  change  between  uay  and 
night.  Where  the  station  lies  more  or 
loss  to  the  east  or  west  so  that  tho  line 
of  bearing  is  perpendicular  to  the  great 
circle  of  the  terminator,  the  transi¬ 
tion  phase  may  last  for  throe  or  four 
hours,  as  the  terminator  traverses  the 
distance  from  the  transmitter  to  the 
receiver.  Where  tho  station  is  to  tho 
north  or  south,  sunrise  and  sunset 
occur  more  or  less  simultaneously  over 
the  entire  path;  and  the  transition 
phase  lasts  for  only  a  half  hour  or  so. 

At  high  latitudes,  there  may  be  no 
transition  during  some  seasons  when  all 
day  or  all  night  conditions  prevail 
continuously  over  the  entire  path. 
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Phase  Prediction 

Fortunately,  the  variation  is  quitt 
systematic,  suprislngly  so  for  such  a 
complicated  function  of  so  many  variables.. 
At  any  given  location,  the  signals  of  e 
ooch  station  repeat  the  same  phase  at  the 
same  time  of  day  with  on  RMS  variation  of 
only  a  very  few  microseconds,  in  accord¬ 
ance  with  a  systematic  function  of  time  of 
day  and  season  of  year. 

A  mathematical  model  of  ionosphere 
electrical  bennvior  has  been  developed, 
containing  some  thirty  to  forty  terms  - 
some  polynomial,  some  trigonometric  - 
accounting  for  the  many  systematic  influ¬ 
ences  affecting  the  apparent  velocity  of 
propagation  of  VLF  signals.  A  regression 
analysis  to  establish  undetermined  coef¬ 
ficients  of  this  model  has  been  performed 
with  respect  to  many  thousands  of  obser¬ 
vations  of  the  diurnal  pattern  of  phase 
shift,  taken  over  the  past  two  decades 
at  many  places  around  the  world,  for  all 
times  of  day  and  seasons  of  the  year. 

Experience  in  navigating  by  the  OMEGA 
system  with  later  versions  of  this  model 
of  ionospher  electrical  behavior  appears 
to  indicate  that  the  model  will  usually 
predict  the  diurnal  variation  at  any  given 
location,  time  and  date,  to  within  a 
very  few  microseconds. 


OMEGA  Slcywnve  Correction 

For  use  in  navigation  and  position 
locating  by  OMEGA,  the  US  Navy  Oceano¬ 
graphic  Office  (NAVuCRANO)  publishes  a 
set  of  "OMEGA  Skywave  Correction  Tables" 
HO  Pub  221;. ,  giving  predictions  of  the 
diurnal  variation  to  be  expected  through¬ 
out  the  coverage  area  for  every  hour  of 
each  day  of  the  year.  Adding  the  tab¬ 
ulated  data  to  the  phase  of  the  signals 
as  observed,  reduces  the  Indicated 
values  to  what  they  would  have  been  if 
the  propagation  velocity  of  the  signal 
veer e  the  assumed  "Ground  Wave  Phase 
Velocity"  used  in  preparing  the  OMEGA 
Charts. 

The  Tables  consist  of  a  number  of 
volumes,  each  volume  giving  predictions 
for  one  year  for  one  OMEGA  Frequency 
over  a  part  of  the  OMEGA  Covorage. 

Each  Volume  of  the  Tables  is  ar¬ 
ranged  with  each  pair  of  facing  pages 
displaying  four  separate  tables  (one 
for  each  of  the  oresent  four  opera¬ 
tional  stations)  giving  the  correct¬ 
ions  for  an  area  of  four  degrees 
latitude  by  four  degrees  longitude. 

Each  Table  is  a  rectangular  matrix  of 
diurnal  shift  data,  in  per  cent  of  a 


cycle  at  10.2  kHz,  arranged  in  twenty- 
four  rows,  one  row  for  each  semi-monthly 
period  of  the  year  (eg.,  l-l£  Jan;  16-31 
Jan;  l-l£  Feb;  16-28  Feb;  etc.)  and 
twenty-four  columns,  one  column  for  each 
hour  of  Greenwich  Mean  Time. 

The  expected  diurnal  shift  for  any 
location,  date  and  hour  of  the  day  can 
thus  be  obtained,  by  turning  to  the 
Table  for  the  given  area,  within  x  2 
degrees  of  latitude  and  longitude,  and 
taking  out  the  per-cent  of  a  cycle,  plus 
or  minus,  at  the  intersection  of  the  row 
for  the  date  (wj  thin  the  current  10  day 
period)  and  the  column  for  the  present 
hour  of  GMT. 

During  all  daytime  and  all  night-time 
conditions  over  the  propagation  paths, 
no  interpolation  is  required,  the  tabu¬ 
lar  interval  being  less  than  the  accuracy 
of  prediction.  Dur»ing  sunrise  and 
sunset  transitions,  interpolation  may 
improve  the  accuracy  of  the  predictions 
by  a  distinguishable  amount. 


Time  from  OMEGA  Signals 

In  theory  the  Standard  Time  of  an 
occurranco  of  any  event  could  be  deter¬ 
mined  by  observing  the  instantaneous 
phase  of  the  several  components  of  the 
OMEGA  field  at  that  instant,  and  ap¬ 
plying  the  appropriate  conversions  and 
corrections.  In  practice  however, 
radio  signals  are  always  immersed  in 
noise  and  interference  to  the  extent 
that  it  is  usually  difficult,  if  not 
impossible,  to  observe  the  instantan¬ 
eous  phase  of  a  signal  with  any  accuracy. 
Thus,  Standard  Time  is  always  obtained 
by  providing  a  LOCAL  TIME  SCALE  or  CLOCK 
whose  instantaneous  phase  characterizes 
the  timing  of  ovonts;  with  a  means  for 
determining  the  mean  phase  difference 
between  Local  and  Standard  Time,  over 
some  reasonably  period  sufficient  to 
minimize  errors  duo  to  noise  fluctuations 
etc.,  to  a  tolerable  level.  Such  a 
system  is  as  diagrammed  in  Figure  6,  a 
"Tracking  Filter"  consisting  of  a  local 
clock  function  of  some  kind,  a  sourco  of 
remote  or  Standard  Time,  some  means  for 
determining  the  phase  difference  between 
the  local  clock  indication  and  the  Stand¬ 
ard,  and  some  means  of  applying  a  cor¬ 
rection  to  either  the  local  clock  itself, 
or  to  its  indication.  Methomatically 
such  systoms  are  "Low  Pass  Filters"  pro¬ 
viding  a  smoothed  representation  of  the 
noisey  standard,  a  representation  whose 
phase  can  be  observed  more  readily  anan 
that  of  the  noisey  standard. 
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Superheterodyne  Tracking  Filter 

In  many  applications  of  Standard 
Frequency  and  Time,  it  is  only  a  stand¬ 
ard  of  Frequency  that  is  of  interest, 
le.,  it  is  only  the  local  time-difference 
between  events  that  is  important  -  abso¬ 
lute  standard  time  is  immaterial.  Where 
this  is  the  case,  a  precise  standard  of 
frequency  can  be  derived  from  the  OMEGA 
Field,  in  Hertz  and  decimal  multiples 
thereof,  by  means  of  a  Superheterodyne 
Tracking  Filter,  as  shown  in  Figure  7 

In  this  embodiment,  a  1  MHz  Fre¬ 
quency  Standard  and  a  set  of  decimal 
frequency  dividers,  provide  a  local 
clocking  function,  in  decimal  multiples 
of  Hz;  including  in  particular,  a 
10  kHz  sine  wave;  a  200  Hz  sine  wave 
and  a  one  Second  pedestal  every  10  sec¬ 
onds. 

An  RF  amplifier  tuned  to  10.2  kHz 
picks  up  the  10.2  kHz  components  of  the 
OMEGA  Signals,  which  are  mixed  with 
the  10  kHz  clock  signal  tc  produce  a 
200  Hz  IF  Signal.  The  200  Hz  differ¬ 
ence  signal  is  further  amplified  and 
comoared  in  ohose  with  the  200  Hz  local 
clock  signal.  The  phase  error  thereby 
obtained  is  applied  to  control  the  fre¬ 
quency  of  the  1  MHz  Frequency  Standard. 

The  1  second  switching  pedestals, 
at  10  second  Intervals  commutate  the 
input  to  the  frequency  control,  so  that 
control  is  derived  from  the  signals  of 
one  station  only. 

With  a  minimum  of  circuitry,  this 
system  tracks  the  phase  of  the  10.2  kHz 
component  of  one  station,  which  can 
be  any  of  the  eight  stations  which 
happens  to  deliver  a  good  signal  to 
the  receiver  location.  With  a  reason¬ 
ably  good  local  clock  (frequency  standard) 
and  bv  .limiting  pperations  to  that  por¬ 
tion  of  the  day  when  transmissions  are 
most  stable;  a  frequency  calibration 
of  1  :  10i0  or  better  can  bo  roalized 
with  little  difficulty. 

With  a  truly  precision  frequency 
standard  (e.g.,  atomic  or  rubidium) 
capable  of  maintaining  phase  within 
±  £0  microseconds  from  one  day  to  the 
next;  this  system  will  deliver  a 
frequency  calibration  over  a  period  of 
several  days,  approaching  that  of  the 
OMEGA  Systom  itself,  ie. ,  Is  10*2 
or  better 

Although  the  superheterodyne  track¬ 
ing  filter  tracks  the  phases  of  the 
incoming  signals  on  a  1  :  1  time-shift 
basis  (  moaning  a  1  usee  shift  of  the 
incoming  signal  produces  a  1  usoo.  shift 
of  the  local  clock)  it  does  not  yield 
a  reliable  epoch  of  time,  because  of  the 
51  fold  Internal  phase  ambiguity  inherent 


in  the  superheterodyning  tracking  filter 
system. 

If  a  Time  %>och  must  be  maintained, 
the  local  clock  must  operate  at  some  multi¬ 
ple  of  the  signal  frequency,  sp  as  to 
avoid  internal  ambiguities  in  the  system. 


Audio  Time  Signal 

A  simple  three  or  four  transistor 
radio  with  a  BFO  or  regenerative  detec¬ 
tor,  as  in  Figure  8,  tuned  to  one  of 
the  OMEGA  Frequencies  (10.2,  13*6  or 
11  1/3  kHz)  will  provide  an  audio  tone 
signal  whereby  a  watch  or  chronometer, 
once  set,  can  be  corrected  to  within 
a  fraction  of  a  second  of  UT  at  any  time 
of  the  day  or  night,  anywhere  on  earth. 

The  signal  of  each  station  picked  up 
by  such  a  receiver  produces  a  one- 
second  audio  tone  every  ten  soconds, 
whose  beginning  falls  exactly  on  a  one- 
tenth  second  epoch  of  GMT,  as  in  Figure 
2  and  3*  Thus,  by  marking  the  OMEGA 
Epochs  (time  each  segment  begins)  on  the 
soconds  scale  of  a  watch  or  chronometer, 
ns  in  Figure  9,  its  error,  to  within 
a  fraction  of  a  second  can  be  determined 
at  any  time,  anywhere  on  earth,  by 
simply  noting  the  position  of  the  second 
hand  at  the  beginning  of  each  OMEGA  Signal 
tons  from  the  receiver. 

It  is  of  course  necessary  to  be  able 
to  rocognize  the  signal  of  a  particular 
station  which  can  bo  accomplished  in  a 
number  of  ways.  First,  a  rought  esti¬ 
mate  of  relative  station  distance  will 
Indicate  which  station  provides  the 
stronger  signal.  Secondly,  with  oven 
a  slight  acquaintaince  with  the  pattern 
of  OMEGA  signals,  a  subconscious  famil¬ 
iarity  with  tho  cadence  of  the  length 
coding  soquonco  is  developed,  whereby  the 
3tart  of  eacn  soquence  is  immediately 
apparent- 

It  is  also  necessary  to  know  GMT  to 
within  plus  or  minus  five  (5)  soconds,  in 
order  to  eliminate  the  10  second  ambigu¬ 
ity,  which  is  well  within  the  capability 
of  contemporary  mechanical  time  pieces 
of  oven  moderate  quality,  if  corrected 
daily.  On  tho  other  hand,  if  the 
local  epoch  is  lost,  any  source  giving 
time  to  within  ±  5  soconds  (radio  time 
signal,  or  even  a  sextant  observation 
of  lunar  distance)  can  re-ostablish  tho 
opooh,  wnlch  can  thon  be  correctod  as 
above  to  a  tenth  second  or  so. 

Thus,  this  technique  of  audible 
rocoption  of  the  OMEGA  signals  provides  a 
moans  whereby  a  chronometer  con  be  cor¬ 
rected  to  GMT  with  more  than  sufficient 
accuracy  for  celestial  navigation;  any 
time,  day  or  night  and  anywhere  on  earth, 
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with  nothing  more  than  a  simple  transistor  ing  function  maintains  the  epoch  within 
radio  adapted  to  receive  the  OMEGA  signals,  a  millisecond  or  better*  indefinitely. 


Automatic  Sequence  Tracking  System 

Many  contemporary  OMEGA  Navigator's 
equioments  include  some  form  of  auto¬ 
matic  sequence-tracking  function,  to 
keep  the  multiplex  commutating  function 
aligned  An  phase  with  the  incoming  sequence 
of  jignals.  Such  tracking  systems  are 
generally  similar  to  that  shown  in  rudi- 
mentaiy  form  in  Figure  10,  consisting 
of  one  or  more  RF  amplifiers  tuned  to  the 
OMEGA  frequencies,  and  a  detector  and 
signal  combining  function,  producing  a 
"best  representation"  of  the  signal 
envelopes. 

A  local  clock  and  frequency  divider 
svstem  produces  a  stable  10  Hz  clocking 
signal,  which  drives  a  "Correlating 
Function  Generator"  Droducing  a  "local 
correlating  waveform".  Cross-correlation 
of  the  local  waveform  with  the  signal 
envelope  produces  a  null  type  error  sig¬ 
nal,  that  is  aopliod  to  control  the 
frequency  (phase)  of  the  clock,  so  as  to 
keep  the  local  correlating  function  align¬ 
ed  in  phase  with  the  sequence  of  incoming 
signals. 

Systems  of  limited  sophistication 
may  require  initial  signal  acquisition  to 
me  accomplished  Dy  manual  adjustment  of 
local  time;  from  whence  they  acquire 
phase  lock  and  ttrack  the  incoming  signal 
sequence  phase  within  some  tolerance. 

By  the  use  of  comoutor  technics, 
more  sophisticated  systems  are  possible 
having  the  capability  of  acquiring  init¬ 
ial  phase  alignment  automatically,  in 
one  ton-second  sweep  of  the  signal  se¬ 
quence. 

Present  indications  aro  that  those 
envelope  tracking  systems  are  capable  of 
tracking  the  signal  envelope  phase  with 
a  resolution  bettern  than  one  (1)  milli¬ 
second  (1000  microseconds ) 

The  absolute  accuracy  is  of  course 
dependent  upon  how  well  the  retardation 
over  the  path  (Vom  the  transmitters  can 
be  predicted.  This  can  be  is  much  as 
30  milliseconds,  and  can  apparently 
be  predicted  to  bettern  than  a  milli¬ 
seconds,  so  that  simply  tracking  the 
phase  of  the  signal  envelope  function 
yields  standard  time  to  a  millisecond 
or  better. 

Readout  is  ambiguous  beyond  she  ten 
second  period  of  the  multiplex  sequence. 

To  establish  the  epooh,  the  timing  must 
be  set  Initially  from  some  other  source 
to  be  correct  to  within  ±  5  seconds. 

Once  set  however,  the  automatic  track- 


Phase  Tracking 

An  epoch  of  Standard  Time  can  be 
maintained  to  within  a  few  micro  ... 
seconds,  (  with  on  ambiguity  of 
plus  or  minus  441  microseconds)  by  track¬ 
ing  the  RF  phase  of  the  OMEGA  Signal 
Field,  which  can  be  accomplished,  with 
an  OMEGA  '’ovigator's  equipment,  with  no 
modification  of  the  equipment  whatever, 
by  the  system  of  Figure  ’ll. 

In  principle,  the  method  is  to  pro¬ 
vide  a  local  clock  signal  in  a  format 
matching  the  emissions  of  one  of  the 
(more  distant?)  OMEGA  Stations,  and  use 
the  OMEGA  Navigators  equipment  to  indicate 
the  phase  difference  between  the  local 
signal  and  the  phase  of  OMEGA  Signal  Field. 

The  lower  part  of  Figure  11  includes 
a  1.02  Megahertz  Frequency  Standard  or 
Clock,  and  three  frequency  dividers  di¬ 
viding  the  clock  frequency  by  100,  75 
and  90  respectively,  to  produce  the  three 
OMEGA  frequencies,  10.2,  13.6  and 
11  1/3  kHz.  Additional  logic  circuitry 
re-clocks  the  90/1  divider  to  ensure  that 
all  three  counter  outputs  cross  zero  to¬ 
gether  at  the  appropriate  common  frequency 
(  1133  l/3  Hz  )  and  provides  gating  wave¬ 
forms  to  pass  a  one  second  block  of  each 
RF  component  in  succession  every  ten 
seconds,  so  as  to  generate  the  signal 
format  of  one  OMEGA  station  (Figure  2) 

The  output  of  this  local  OMEGA  Signal 
Generator  is  added  to  the  innut  of  an 
OMEGA  Navigator's  Receiver,  which  is 
adjusted  to  read  the  chase  difference 
between  the  local  signal,  and  the 
signals  of  one  or  more  of  the  stations 
of  the  OMEGA  Network. 

The  combination  of  the  three  RF 
components  establishes  a  sequence  of 
local  time  epochs,  with  a  resolu¬ 
tion  of  a  microsecond  or  better, 
and  a  period  of  882+  microseconds 
(  1133  1/3  Hz  ) 

The  phuse  readout  of  the  OMEGA 
receiver  indicates  the  phase  difference 
between  the  local  time  scale  and  the 
OMEGA  signal  field,  which,  when  cor¬ 
rected  for  retardation  over  the  dis¬ 
tance  from  the  station,  and  for  diurnal 
variations  (  by  HO  224  )  yields  Stand¬ 
ard  Time  to  an  accuracy  of  a  microsecond 
or  so,  and  nn  ambiguity  of  ±  441  usee. 
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Standard  Time  by  Signals 
from  "fhree  Stations 

By  observing  the  phase  differences 
between  the  signals  of  three  or  more 
stations  and  a  local  timer,  as  in  Figure 
11,  Standard  Time  can  be  maintained 
without  precise  knowledge  of  the  actual 
location  of  the  receiver,  by  a  process 
very  similar  to  the  reduction  of  a  three- 
star  fix  in  celestial  navigation.  An 
outline  of  the  steps  involved  are  as 
follows. 

1.  Assume  a  Geographical  Position  for 
for  the  receiver,  in  latitude  and  longi¬ 
tude,  more  or  less  in  the  vicinity  of 
the  actual  location. 

2.  Compute,  by  standard  methods  of 
celestial  navigation  (eg.,  HO  211  or 

HO  214  et  al. )  the  bearing  and  distance 
of  each  station  from  the  Assumed  Position. 
Correct  the  distances  Su  obtained  to 
Geodetic  Distance  (  Andoyer-Lsmbert 
or  equivalent  formulae)  and  convert 
to  electrical  units  (Units  of  phase 
retardation,  eg. ,  per  cent  of  a  cycle 
etc ) 

3.  Look  up  the  Skywave  Corrections 
(HO  22 4)  for  the  Assumed  Position, 

Date  and  Time  of  Day.  Subtract  (repeat 
subtract,  no  add)  the  corresponding 
correction  for  the  distances. 

4.  Compute  the  Mean  Retardation  (Mean 
Corrected  Distance)  and  the  Deviation 
from  the  Mean  expected  of  each  signal 
at  the  assumed  position. 

5.  Observe  the  Phase  of  the  Signals 
being  received  from  the  three  stations 
with  respect  to  the  local  time  signal 
(Figure  11)  and  adjust  the  timing  of 
the  local  signal,  such  that  the  mean 
phase  with  respect  to  the  throe  signals 
being  received  is  zero.  Record  the 
phase  differences  ,  $  and  <jS 

12  3 

6.  Plot  the  Assumed  Position  on  a 
Mercator  Plotting  Sheet,  and  lay  off 
Lines  of  Bearing  to  the  three  stations . 
as  in  Figure  12. 

7.  Determine  the  "Intercept  Distance" 
by  which  the  distances  to  the  Assumed 
Position  must  be  increased  or  decreased 
to  agree  with  the  observed  phase  offsets 
from  the  mean,  viz 

Intercept  «  0  -  (d  -  d) 


8.  Plot  a  line  of  position  perpendi¬ 
cular  to  each  lino  of  bearing,  offset 
from  the  assumed  Position  by  the  corres¬ 


ponding  intercept  distance  and  extend  the 
three  Lines  of  Position  to  form  a  tri¬ 
angle,  as  in  Figure  12. 

9.  Inscribe  a  circle  in  the  triangle 
bounded  by  the  throe  position  lines. 


The  Mean  Retardation  of  the  local 
timer  with  respect  to  common  Standard 
Time  at  the  Stations,  is  then  exactly 
the  electrical  equivalent  of  the  Mean 
Distance  of  tie  Assumed  Position 
(Step  4)  plus  the  radius  of  the  inscribed 
circle,  and  the  center  of  the  circle  is 
the  actual  position  of  the  receiver. 


The  overall  format  of  the  presently 
operational  OMEGA  signals,  does  NOT 
(repeat  NOT)  provide  an  un-ambiguous 
epoch  of  time.  With  presently  available 
oquipmrnts  it  is  only  possible  to  obtain 
a  scale  of  Standard  Tlmew  with  a  period 
of  882+  microseconds  (17  periods  per 
15  milliseconds)  and  a  resolution  of  a 
microsecond  or  so;  and  a  time  scale  with 
a  period  of  ten  (10)  seconds,  and  a 
resolution  of  about  1  millisecond. 

In  both  cases,  resolution  of  the 
epoch  ambiguity  must  be  obtained  by 
reference  to  some  other  source  of  Stan¬ 
dard  Time.  In  the  case  of  the  10  second 
period,  this  is  within  the  capability 
of  ordinary  mechanical  time  pieces,  by 
reference  to  broadcast  time  signals, 
by  a  portable  clock  brought  up  from 
some  permanent  source  of  standard  time, 
or  oven  by  astronomic  obsarvationd 
(lunar  distance).  Resolution  of  the 
RF  pattern  ambiguity  requires  a  source  of 
Standard  Tim*,  •-•ith  a  resolution  of 
±  441  mic*>.'ibv  ds,  which  is  well  within 
the  capab.''’y  of  a  portablo  quartz 
cr’"tal  clock,  particularly  if  more  or 
1  vi  continually  reset  by  reference  to 
the  OMEGA  phase  pattern. 

Once  an  epoch  is  established,  it 
is  maintained  indefinitely  by  reference 
to  the  OMEGA  Signal  Field,  at  any  location 
on  earth 

Means  for  resolving  these  ambiguities 
could  be  added  to  the  OMEGA  Signal  Format 
with  no  interference  whatevor  with  the 
OMEGA  Navigation  function,  by  including 
other  one-second  transmissions  at  addi¬ 
tional  frequencies  in  the  segments  of  the 
multiplex  pattern  where  the  stations  are 
now  silent.  For  example,  adding  a 
fourth  component  of  12  750  Hz  (12  3/4  kHz) 
to  the  transmissions  of  each  station, 
increases  the  unambiguous  period  of  the 
composite  RF  phase  by  a  factor  of  four 


Resolution  of  RF  Ambiguity 


to  3*53  milliseconds,  and  adding  a 
fifth  component  at  12  112.5  Hz  extends 
t  e  unambiguous  period  by  another  factor 
of  four  to  11;  Milliseconds,  which  it  is 
reasonable  to  resolve  with  the  1  milli¬ 
second  epochs  deriveable  from  the  multi¬ 
plex  sequence  phase. 

It  is  unfortunate  that  the  presence 
of  the  11  1/3  kHz  component  in  the  OMEGA 
format,  makes  the  common  period  of  the 
RF  components  non-commensurate  with  oven 
seconds,  so  that  the  fundamental  period 
of  the  entire  OMEGA  Format  is  30  seconds 
not  10  Seconds. 

A  commensurate  pattern  could  be 
obtained,  with  possibly  minimal  impact 
on  present  navigators  equipments,  by 
reducing  the  OMEGA  Frequencies  by 
0.75#  (0.0075  per  unit)  while  keeping 

the  same  ratios  of  9  I  10  i  12 
obtaining  frequencies  of  10.125, 

11.250  amd  13.5  kHz. 

Additional  components  at  12.0  and 
10.8  kHz  then  yields  a  common  period 
of  13  1/3  milliseconds  (  75  Hz)  This 
is  8n  exact  factor  of  one  second,  so 
*hat  the  pattern  then  ropents  exactly 
i.i  each  multiplex  period. 


Conclusions 

1.  The  essential  characteristics  of  the 
signal  format  of  a  world  wide  radio  nav¬ 
igation  system,  viz 

o  Signals  receivable  from  at  least 
three  stations  anywhere  on  earth 

o  Highly  stable  periodic  signal 
format  providing  for  ready 
determination  of  relctive  phase 
and  reduction  of  ambiguity 

o  Compensation  for  vagaries  of 
signal  transmission 

are  precisely  the  characteristics  re¬ 
quired  for  a  world  wide  radio  source 
of  Frequency  and  Time 

2.  As  a  Navigation  and  Radio-Locating 
Facility,  the  OMEGA  Navigation  System, 
when  fully  implemented  will  provide  a 
world  wide  radio  signal  field  with  a 
highly  periodic  signal  format,  whereby 
anywhere  on  earth,  the  relative  phase  of 
the  signals  from  at  least  three  of  the 
eight  stat'uns  con  be  determined  to  within 
a  few  microseconds  with  more  or  less  can- 
pie  te  reduction  of  ambiguity. 

3.  The  signal  field  of  the  OMEGA  System, 
being  tlaaed  by  the  concensus  of  thirty- two 
Atomic  Frequency  Standards,  in  contin¬ 
uous  operation  in  controlled  environments 
under  supervision  of  trained  crews  dedi¬ 


cated  to  maintaining  the  highest  stand¬ 
ards  of  reliability  and  accuracy  of 
synchronization;  is  inherently  a  uni¬ 
versally  available  source  of  Frequency 
and  Time  of  exceptionally  high  quality. 

4*  An  OMEGA  Navigation  Receiver  of 
contemporary  design  can  be  used  without 
modification  to  determine  the  phase  lag 
of  a  local  frequency  standard  and  time 
code  generator  with  respect  to  the  OMEGA 
Signal  Field,  thereby  providing  a  cor¬ 
rection  of  the  local  time  code  to  Stand¬ 
ard  Time. 

5.  No  other  source  of  Frequency  and  Time 
of  like  quality  is,  or  is  likely  to  be, 
available  on  a  world  wide  basis. 

6.  The  only  conflict  between  OMEGA  as 
a  radio  locating  or  navigation  facility, 
and  as  a  source  of  Frequency  and  Time,  is 
between  the  need  of  OMEGA  and  its  lane 
ambiguity  resolving  functions  to  operate 
in  the  natural  scale  of  the  assigned 
frequencies;  while  it  is  deemed  prefer¬ 
able  that  a  time  service  be  compatible 
with  even  seconds  of  time. 

7.  Conflict  between  fiMEGA’nas  a  radio 
locating  facility  and  as  a  source  of 
Frequency  and  Time  Is  more  apparent  than 
real,  since  Decimal  Time  in  Seconds  can 
be  obtained  from  OMEGA  Phase  by  division 
by  a  constant. 

8.  The  present  OMEGA  Signal  Format  does 
NOT  provide  a  complete  Time  fervice,  in 
that  it  does  not,  of  itself,  provide 
information  giving  total  time  elapsed 
since  any  recognized  epoch  of  Time  Zero. 

9.  The  present  Operational  OMEGA  Signal 
Format  of  only  three  RF  frequencies  trans¬ 
mitted  in  a  ton-socond  multiplex  sequence 
doew  NOT  provide  an  unambiguous  time 
scale,  even  within  the  ton  second  multi¬ 
plex  period. 

11.  A  more  dosiroablo  signal  pattern  for 
both  OMEGA  and  Time  Service  would  be  ob¬ 
tained  by  shifting  frequency  from  10.2 
to  10.125  kHz;  with  additional  frequencies 
of  10.8,  11.25,  12.0  and  13.5  kHz;  to  ob¬ 
tain  a  pattern  commensurate  with  the  10 
second  multiolex  pattern,  so  as  to  elim¬ 
inate  the  3  s  1  ambiguity  inherent  in  the 
format  including  11  l/3  kHs;  and  provide 
for  complete  ambiguity  resolution  within 
the  10  second  multiplex  period. 

11.  An  indication  of  Total  Time  from  a 
rocognizod  time  zero  could  be  included  in 
the  signal  format  by  gap-coding  the 
signal  transmissions,  with  negligible 
interference  to  the  radio-locating  func¬ 
tion. 
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12.  The  Phase  of  the  OMEGA  Signal 
Field  (OMEGA  Time)  is  a  retarded  ver¬ 
sion  of  Standard  Time  at  the  stations, 
the  phase  of  the  signals  being  retarded 
by  the  time  required  for  the  radio 
signal  to  traverse  the  distance  from 
the  transmitter  to  the  point  of  recep¬ 
tion. 

13.  Present  OMEGA  Skywave  Correction 
Tables  (HO  22k  )  provide  information  f 
for  compensating  diurnal  variation  of 
OMEGA  Phase  to  within  a  few  microseconds. 


114-  There  is  NO  compelling  reason  for 
Standard  Time  to  be  othor  than  Continuous 
Atomic  Time.  The  differences  between 
Atomic  Time  and  Mean  Solar  Time  are 
totally  un-noticeable  in  the  ordering  of 
the  daily  affairs  of  mankind.  All 
highly  precise  scientific,  engineering 
and  commercial  uses  of  Time  are  always 
adjusted  for  the  particular  use.  It  is 
more  important  that  the  recognized  Scale 
of  Standard  Time  be  a  smooth  continuous 
function,  thant  that  is  Correspond  to 
any  particular  physical  phenomena. 


RECOMMENDATIONS 


1.  It  be  recognized  that  the  essential 
characteristics  of  the  Signal  Format  of 
a  world  wide  radio  navigation  system  and 
radio  locating  system  are  precisely  the 
characteristics  required  of  a  world  wide 
source  of  Standard  Time  and  Frequency. 

2.  It  be  recognized  that  the  Signal 
Field  of  the  OMEGA  System  is  inherently 
a  universally  available  Scale  of  Fre- 
quency  and  Time  of  exceptionally  good 
quality. 

3.  The  policy  of  step  adjustment  of 
OMEGA  Time  to  follow  GMT  be  dropped,  and 
the  program  of  supervision  and  maintain- 
ance  of  the  OMEGA  Station  Timers  be  mod¬ 
ified  to  provide,  as  nearly  as  can  be 
realized,  within  the  state  of  the  art, 
an  absolutely  smooth  continuous  linear 
time  scale 


4.  The  PHASE  of  the  OMEGA  SIGNAL  FIELD 
as  transmitted  be  recognized  officially 
as  si  World  Scale  of  Standard  Time. 

f>.  Developement  of  the  OMEGA  System  as 
a  world  wide  source  of  Frequency  and 
Time  be  continued,  including  the  devel¬ 
opement  of  OMEGA  Clock  Systems  specifically 
designed  to  yield  Standard  Time  to  the 
high  eat  accuracy  attainable  in  the  state 
of  the  Art. 
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FIGURE  1  World  OMEGA  Network 
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FIGURE  3  Extrapolation  to  Continuous  Wave 
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FIGURE  4  OMEGA  System  Signal  Format 
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FIGURE  5  RF  Epochs 


FIGURE  6  Rudimentary  Remote  Clock  System 
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FIGURE  9  Clock  Face 


FIGURE  10  Envelope  Sequence  Tracking  System 
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FIGURE  12  Mean  Time  of  Three  Signals 
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THE  NBS  ATOMIC  TIME  SCALE  SYSTEM:  AT(NBS),  SAT(NBS),  AND  UTC(NBS) 

David  W.  Allan,  James  E.  Gray,  and  Howard  E.  Machlan 
Atomic  Frequency  and  Time  Standards  Section 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 
Tel.  (303)  447-1000,  ext.  3208 


Summary 


The  Atomic  Time  Scale  at  NBS  Boulder 
has  its  rate  determined  by  periodic  calibration 
with  the  NBS  primary  frequency  standard,  • 
currently  NBS  III,  Because  of  the  increased 
demand  for  accurate  and  precise  timing,  a  study 
was  made  of  the  clock  ensemble  which  generates 
the  time  scale  AT(NBS)  to  determine  the  precision 
and  accuracy  with  which  time  and  frequency  may 
be  generated. 

The  accuracy  involved  both  the  5  part  in 
1013  uncertainty  in  NBS  III  and  the  frequency 
dispersion  of  the  ensemble  after  calibration.  To 
determine  the  precision  capabilities,  noise  models 
were  established  for  the  time  dispersion  charac¬ 
teristics  of  each  clock  in  the  ensemble.  Some 
theoretical  considerations  based  on  these  models 
yielded  very  encouraging  predictions  on  both  how 
to  process  the  time  data  from  each  clock  and  on 
the  precision  capabilities  of  the  ensemble. 

A  computer  program  incorporating  the 
above  ideas  was  written  with  the  capability  to 
self-optimize  the  statistical  weight  given  to  each 
clock  in  the  ensemble.  The  program  alBO 
determined  the  clock  time,  frequency,  and  pre¬ 
cision  of  each  member  of  the  ensemble. 

Reasonable  agreement  was  achieved  between  the 
predicted  results  and  those  measured. 


The  accuracy  of  the  second  used  for 
AT(NBS)  time  scale  is  estimated  to  be  within 
9  parts  in  1013  (1  sigma  limit)  of  the  interna¬ 
tionally  agreed  upon  definition  employing  the 
cesium  atom.  The  internal  estimate  of  the 
precision  capabilities  of  the  AT(NBS)  time  scale 
gives  the  following  equation  for  the  time  disper- 


C  =  [k,r  +  k  r3]1/2 
rms  L  1  2  J 


where  =  5.  3  X  10"33  seconds,  k^  =  3  X  10'37 
and  where  £rms  and  T  are  the  possible  root- 
mean-square  time  error  accumulation  (1  sigma 
limit)  in  seconds  and  the  elapsed  time  in  seconds 
respectively. 

SAT(NBS)  and  UTC(NBS)  are  coordinated 
timescales,  i.  e. ,  controlled  by  international 
regulation.  In  addition  a  cooperative  effort 
between  the  United  States  Naval  Observatory  and 
the  National  Bureau  of  Standards  has  led  to  a 
synchronization  of  the  times  of  the  UTC(USNO) 
and  UTC(NBS)  time  scales  to  within  5  microsec¬ 
onds. 


